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ABSTRACT
The delay in early height growth (EHG) known as the “grass stage” has been 
one important factor that limits the artificial regeneration of longleaf pine (Pinus 
palstris Mill.). Genetic improvement of the “grass stage” by interspecific hybridization 
between longleaf pine and slash pine (Pinus elliottii Engelm) followed by recurrent 
backcrosses aiming at the introgression of genes controlling the EHG from slash pine 
into longleaf pine may be a solution. Developing markers tightly linked to these genes 
and using them in backcross breeding programs may speed the process of the 
introgression. Random amplified polymorphic DNA (RAPD) markers were employed to 
map the genome of longleaf pine and slash pine in a (longleaf pine x slash pine) x slash 
pine BC, family consisting o f258 progeny. A total of 266 RAPD markers were 
identified for both the F, parent and the slash pine parent. One hundred and thirteen of 
the ISO F, parent specific markers were mapped into 17 linkage groups covering a 
genetic distance of 1338.2cM. Eighty-three of the 116 slash pine parent specific markers 
were mapped into 19 linkage groups covering a genetic distance of994.6cM. Single 
marker regression and MapMaker/QTL were used to detect QTLs. The two methods 
gave similar results. By using MapMaker/QTL, a total of 19 putative QTLs were 
detected for 6 height growth measurements and 6 collar diameter measurements at three 
growth stages using a LOD threshold of 2.0. Seventeen of the 19 putative QTLs were 
from the F, parent and only two were from the slash pine parent. The amount of 
phenotypic variance explained by the putative QTLs ranged from 3.6 to 11.0%. The 
derivation of sequence characterized amplified region (SCAR) markers from random
vi
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
amplified polymorphic DNAs (RAPDs) were demonstrated to be feasible. Nine RAPD 
fragments that segregate in a longleaf pine x slash pine F, family were cloned and end 
sequenced. A total of 13 SCAR primer pairs, with lengths between 17 and 24 
nucleotides, were developed. Six of the 13 SCARs were found to be polymorphic. The 
segregation of four of the six polymorphic SCARs was confirmed in 64 longleaf x slash 
F, individuals.
vii
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CHAPTER 1 
INRTODUCTION 
Longleaf Pine and Early Height Growth (EHG)
Longleaf pine (Pinus palustris Mill.) once dominated the forests of the lower 
coastal plain of the southern United States, but now it is only a minor southern timber 
species. The area of longleaf pine in the southern Unites States has declined from 4.9 
million to 1.5 million hectares over the past 30 years (Kelly and Bechtold, 1989). A 
survey of forest-tree nurseries conducted fifteen years ago showed that less than one 
percent o f the bare-root pine planting stocks raised in southern nurseries was longleaf 
pine (Boyer and South, 1984). Although this number has increased to 2.25% in recent 
years (Ken McNabb, personal communication), the share for longleaf pine is still very 
low. The reduction of longleaf pine acreage in the lower coastal plain of the southern 
United States in the past years was mainly due to the problems with longleaf pine 
regeneration.
In fact, longleaf pine has many desirable characteristics. It is recognized for its 
superior wood quality, resistance to fusiform rust disease caused by Cronartium 
quercuum, resistance to southern pine bark beetle, tip moth and other insects and 
diseases that infect other pine species. Longleaf pine stands provide habitat for over 30 
wildlife and plant species of importance, and many endangered species are associated 
with longleaf pine eco-system, quail populations, for example, thrive in frequently 
burned longleaf pine stands that typically support high legume populations (Franklin 
1997). Longleaf pine can grow and thrive on poor sandy soils where slash pine and 
loblolly pine do not perform as well.
1
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However, longleaf pine has a delay in early height growth (EHG) known as the 
“grass stage.” The “grass stage” is characterized by an extended period of root and foliar 
development, during which there is no height growth. This period may last three to 
seven years, and if the growing conditions are unfavorable it can last 10 years or more. 
One of these unfavorable conditions is the brown-spot needle blight disease caused by 
the fungus Scirrhia acicola (Wakeley 1970). The occurrence of this disease greatly 
prolongs the grass stage. Controlling this disease by spraying with Bordeaux mixture or 
other fungicides or by prescribed burning can promote EHG (Kais 1975, Kais et al.
1981, Sigger 1944).
Due to the delay in EHG, the height growth rate of longleaf pine is often slower 
than other southern pines. Although on longleaf pine sites, after 30 years, longleaf pine 
volume will equal to or surpass other pine species (Moody 1979), current stumpage 
prices and a rotation age over 30 years is financially unacceptable to many southern 
pine plantation owners. In addition to some other difficulties in silviculture practice 
such as low survival rate of planted seedlings, limited storage time of lifted seedlings, 
requirement of proper planting depth in transplanting, and the susceptibility to brown 
spot needle blight, the delay in EHG has been an important factor that limits the 
artificial regeneration of longleaf pine.
The delay in EHG of longleaf pine has received scientific attention for over 80 
years. Improvements in nursery techniques, seedling care, and silvicultural practices 
have been shown to have some positive effects on growth and survival (Shipman 1960, 
Smith and Schmidtling 1970). Growth regulators have been shown to improve EHG 
also. Gibberellic acid (GA3) has been found to stimulate EHG slightly in longleaf pine
2
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(Allen 1958). Hare (1984) found that treatments with cytokinine-like substances in 
spring and summer stimulated EHG of longleaf pine seedlings, and the effect was 
enhanced by GA3 and DPX3778, an experimental triazinone derivative that is 
synergistic with gibberellins. But in practice, none of these compounds is used. 
Nevertheless, enhancing EHG through silvicultural practices and hormonal treatments 
has not been sufficient to overcome the “grass stage,” and a genetic approach is likely to 
be a more thorough solution to the improvement of EHG of longleaf pine.
Genetic Improvement of EHG
Gains in EHG can be made in longleaf pine through selection for survival, grass 
stage emergence, and brown-spot disease resistance (Byram and Lowe 1989, Lott et al. 
1996). Longleaf pine is considered a good candidate for genetic improvement (Bey 
1979) and EHG is recommended as the trait for emphasis (Schmidtling and White 
1989). Gains of EHG can be achieved through progeny testing, geographic selection, 
intercrossing elite trees, and interspecific hybridization (Bey 1979). Family heritability 
of initiating height growth of longleaf pine seedlings was calculated to range from 0.47 
to 0.68 (Layton and Goddard 1982, Snyder and Namkoong 1978), indicating significant 
gains can be made in EHG of longleaf pine. Schmidtling and White (1989) found large 
variation for EHG among trees grown in different geographic locations. This geographic 
variation for EHG has been a source of genetic variation for achieving EHG gains 
through geographic selection. Elite trees from different geographic locations, identified 
through progeny testing, could be used as parents for intercrosses to produce greater 
gains. However, genetic gain through progeny testing, geographic selection, and 
intercrossing the elite is limited by the genetic variation found in longleaf pine and it
3
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appears to be almost impossible to eliminate the grass stage without introducing genes 
from other pine species.
Genetic Improvement of EHG by Interspecific Hybridization
Breeding longleaf pine without a grass stage has been a long-term objective in 
longleaf improvement programs. The delay of EHG is a character unique to longleaf 
pine that may be modified by interspecific hybridization. Both slash pine (Pinus elliottii 
Engl.) and loblolly pine (Pinus taeda L.) are potential donors of the EHG genes. Derr 
(1966) indicated that the hybridization between longleaf pine and slash pine was 
practicable. He reported on survival, growth, and disease susceptibility of longleaf pine 
x slash pine hybrids and found that the average height for wind-pollinated slash pine 
and wind-pollinated longleaf pine at age 4 was 7.8 and 2.6 feet, respectively, while that 
for hybrids was 7.5 feet. These hybrids contained half of a longleaf pine genome and 
half of a slash pine genome suggesting that most traits would be intermediate between 
longleaf pine and slash pine. Backcrosses are needed to replace the slash pine portions 
of the hybrid genome, except for the genes regulating EHG. The hybrids that possess 
the desired genotypic combination are selected for the recurrent backcrosses. 
Conventional selections are based on the phenotypic appearance of the individuals 
being selected and personal experience of breeders. EHG was previously shown to be a 
quantitative trait controlled by about five major-effect quantitative trait loci (QTLs) 
(Brown 1964, Cockerham 1986, Nelson unpublished data). To select all these major 
effect QTLs using conventional selection methods would take centuries.
4
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Marker-Assisted Selection (MAS)
MAS may provide a way for breeders to select several QTLs simultaneously by 
selecting markers that are tightly linked to the QTLs of interest. Suppose there are five 
major-effect QTLs for EHG of longleaf pine. To identify an individual tree that 
possesses all these QTLs using conventional selection techniques is relatively difficult. 
A more feasible way for conventional selection is to select one or two QTLs at a time. 
This step by step selection will increase the number of backcross generations. MAS may 
be a way to explore efficient and reliable simultaneous selections. If markers that are 
linked to these five QTLs can be identified, they can be used to guide the selection in 
the hybrids and the subsequent backcross generations. The tightness of the linkage 
between the markers and the QTLs will affect the effectiveness of MAS. The Type I 
error rate inflates when five QTLs are selected simultaneously. But MAS using flanking 
markers will significantly decrease the Type I error. The probability of maintaining a 
gene of interest in BC, that is 10 cM away from a selectable marker would be 90% if 
selection is based on the marker alone, but if a second marker occurs 10 cM on the other 
side of the gene, the probability of maintaining the gene in the selection simultaneously 
using the two flanking markers becomes 99% (Tanksley 1983). Using the same 
statistical calculation, the chance of misleading the breeders inflates to 41% when five 
QTLs are selected simultaneously using single markers that is 10 cM away from each 
QTL. However, if flanking markers are used for all the loci, the chance of being misled 
will be reduced to 5% for simultaneous selection.
5
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Performance Improvement for QTL-Linked RAPD Markers
The reliability of markers used for MAS is important Random amplified 
polymorphic DNA (RAPD) markers linked to QTLs can be used for MAS, but the 
features of RAPDs suggest their performance can be improved before their application 
in MAS. First, RAPD primers normally amplify multiple loci in a genome. The number 
of bands for a single RAPD amplification from a longleaf pine and slash pine genome 
ranged from 4 to 20. Second, the amplification of RAPDs is sensitive to minor changes 
in the PCR conditions. Competition among the loci during amplification may result in 
false negative bandings. Genotyping will be inaccurate for a false negative 
amplification. Third, since RAPDs are dominant markers, they can only provide 
genotypic information for one allele. However, the sequence-characterized amplified 
region (SCAR) markers described by Paran and Michelmore (1993) can improve the 
performance of RAPDs in all three aspects.
Some Points about This Dissertation
To map the major-effect QTLs responsible for part of the genetic variations will 
be the major task for this dissertation research. Before breeders can apply MAS on the 
breeding program, markers tightly linked to QTLs should be identified. Identification of 
markers that are tightly linked to genes conditioning quantitative traits of interest has 
been a major concern of recent genetic studies in many economically important species. 
EHG of longleaf pine was shown to have a heritability ranging from 0.47 to 0.68 
(Layton and Goddard 1982, Snyder and Namkoong 1978) and is controlled by about 
five QTLs (Brown 1964, Cockerham 1986, Nelson unpublished data). This indicated 
that half of the variation was due to the five QTL effects and the other half of was due to
6
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environmental effect. When the phenotypic appearance of a trait is a result o f both the 
genotypic constitution of the individual tree and environment that the individuals are 
exposed to, the two effects are commingled with each other, and the separation of these 
two effects can be very complicated. If genotype by environment interactions exist, the 
situation becomes even more complicated. QTL mapping based on comprehensive 
statistical analysis may be an efficient and reliable way to separate effects of several 
QTLs and the environmental effect, and results in the identification of markers linked to 
the major-effect QTLs.
In this dissertation research, instead of the backcross of F, to longleaf pine, the 
cross was the backcross of F, to slash pine. While the backcross of F, to longleaf pine is 
the desired cross to breed for EHG, the backcross of F, to slash pine is also necessary 
for mapping QTLs since the backcross to longleaf pine is not sufficient to map all the 
major-effect QTLs. The EHG of longleaf pine may be regulated by positive effect genes 
from slash pine, or negative effect genes from longleaf pine, or both. Mapping negative 
effect genes is necessary since there is no reason to exclude the possibility of negative 
effects from longleaf pine. Mapping the negative effect genes from longleaf pine by 
using the backcross of F, to slash pine may be more proper and more efficient than 
using the backcross to longleaf pine, especially when the gene action of these negative 
effect genes is dominant or partially dominant.
Overview of the Dissertation
The main objectives of this dissertation research were to map the genome and 
QTLs controlling the EHG in a (longleaf pine x slash pine) x slash pine BC, family. In 
CHAPTER 2 ,1 will discuss molecular markers available to map the pine genomes and
7
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QTLs for EHG and QTL mapping approaches available for this study. Regression and 
maximum likelihood estimation are the two most frequently used methods for mapping 
QTLs, and a comparison of the two methods showed that maximum likelihood 
estimation was more powerful (CHAPTER 3) (published, Weng et al. 1999). Using the 
RAPD markers and the computer program MapMaker/EXP, genetic linkage maps for 
the two parents were constructed in a (longleaf pine x slash pine) x slash pine BC, 
family. QTLs conferring the EHG were mapped in the same BC, family using a 
maximum likelihood estimation-based computer program MapMaker/QTL (CHAPTER 
4). Mapping QTLs using RAPD markers is very efficient, but performance of QTL- 
linked RAPD markers may be improved before practicing MAS. Converting RAPD 
markers into SCAR markers to enhance their reliability on MAS is the focus of 
CHAPTER 5 (published, Weng et al. 1998).
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CHAPTER 2 
LITERATURE REVIEW
Genetic improvement of quantitative traits of forest trees has been hampered by 
their long generation interval, outcrossing mating system, and high genetic load 
(Bradshaw and Stettler 1995). This situation suggests that applying marker-assisted 
selection to breeding in tree species is even more appealing than for other species. 
Identification of polymorphic markers, mapping genomes, mapping QTLs, and 
identification of markers tightly linked to QTLs responsible for the quantitative traits of 
interest are the prerequisites for MAS.
Molecular Markers
Molecular genetic markers are heritable molecules that mark loci on 
chromosomes. According to this definition, all molecules can be used as markers as 
long as they are genetically inherited and can be detected. In the 1970’s, many scientists 
used isozymes, such as peroxidase, dehydrogenase, and esterase, which are protein 
molecules, as molecular markers. However, isozymes are subject to regulation at both 
the transcriptional and translational levels. Their effectiveness changes under various 
conditions, and only a limited number of isozyme markers are available.
On the other hand, DNA sequences can theoretically provide a huge number of 
molecular markers. DNA molecular markers can be referred to as DNA molecules 
whose location on chromosomes can be detected. DNA-based markers include 
restriction fragment length polymorphisms (RFLPs), amplified fragment length 
polymorphisms (AFLPs), simple tandem repeats (STRs), random amplified 
polymorphic DNAs (RAPDs), sequence-characterized amplified regions (SCARs), etc.
11
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These DNA molecules can be a fragment of genomic DNA, or a complementary DNA 
from a particular organism of interest. In higher plants and animals, the genome size can 
be up to 10'° bp. Every fragment from the genome can be a potential marker. Although 
genomes of eukaryotes can contain up to 90% uncoded sequences, which often are 
repetitive, the availability of DNA molecular markers is still very high.
Although DNA molecules are very stable, the mutations occur constantly in 
genomes. These mutations provide a source of polymorphisms, which are the basis of 
existence of markers. The pine genome was estimated to be about 33 to 57 pg (2C, 
equivalent to about 3x10'° bps/haploid) (Ohri and Khoshoo, 1986). This large genome 
can provide numerous DNA molecular markers, especially for RAPD markers, which 
can map repetitive regions of a genome as efficiently as they can map gene rich regions. 
Theoretically, many more RAPD markers would be available for pines than for many 
other eukaryotes.
RFLP markers
RFLP markers are pieces of DNA corresponding to single or low copy 
sequences. Hybridization of probe DNA made from a sequence of a specific RFLP 
marker to restriction digests of genomic DNA may detect polymorphisms among related 
organisms. The variation detected can be single base pair changes, sequence inversions, 
sequence deletions or insertions, or sequence translocations and transpositions. 
Deletions, insertions and translocations normally result in changes in length of 
fragments on gels. Single base pair changes and inversions at the restriction site result in 
a loss or gain of restriction site, which in turn, results in changes in number of fragments 
as well as length of fragments on gels.
12
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Since cDNAs usually correspond to single copy sequences, they qualify as 
candidates for RFLP markers as long as the region where they are located shows 
polymorphism between two related organisms. Besides cDNAs, single copy or low 
copy genomic DNA sequences might also be RFLP markers as long as they satisfy the 
same requirements. RFLP markers are extremely useful in research applications because 
they are reliable and sensitive, and they are codominant.
RFLPs were first used by Grodzicker et al. (1974) to locate temperature- 
sensitive mutations of adenovirus. Thereafter, RFLPs were widely used in mammalian 
mitochondria DNA analysis (Hutchison et al. 1974, Potter et al. 1975), genetic analysis 
in yeast (Petes and Bostein 1977, Goodman et al. 1977, Cameron et al. 1979, Olson et 
al. 1979), and genetic analysis in human system (Maniatis et al. 1978, Kan and Dozy 
1978, Jeffreys 1979, Tuan et al. 1979). Now, RFLPs are widely applied in mapping 
genomes of plants such as potato (Solatium tuberosum) (Gebhardt et al. 1989), lettuce 
(Lactuca sativa) (Landry et al. 1987), soybean (Glycine max) (Keim et al. 1990), and 
rice (Oryza sativa) (McCouch et al. 1988). RFLPs have also been successfully used to 
construct saturated maps and identify QTLs in maize (Zea mays) (Stuber et al. 1992, 
Goldman et al. 1993), Hirdeum vulgare L. (Komatsuda et al. 1993), and soybean 
(Glycine max L) (Mansur et al. 1993). Since Nance and Nelson (1989) proposed the 
application of RFLPs on conifer genome mapping, they have been applied in loblolly 
pine (Pinus taeda L.) (Devey et al. 1991, Neale et al. 1994), but the application of 
RFLP on pine species has been limited by the difficulty of detection of single copy 
sequences in the large genome.
13
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RAPD markers
Although RFLP markers are reliable and sensitive, their detection is time 
consuming and requires dealing with radioactivity. The development of RFLP markers 
is also a lengthy process. Welsh and McClelland (1990) and Williams et al. (1990) 
developed RAPDs, that use a single decamer nucleotide of arbitrary sequence as PCR 
primer to amplify regions of template DNA. The amplification results in several discrete 
DNA products. These products are usually separated on electrophoresis gels and 
visualized by ethidium bromide or fluorescent dyes. A sequence variation of even one 
base pair difference between two templates can be identified.
In view of statistics, the number of bands that are amplified depends on the size 
of the genome. A locus can be amplified using RAPD technique only when it meets the 
following requirements: 1) the locus is flanked by two 10-base sequences (each in one 
of the two complementary sequences) completely complementary to the RAPD primer; 
and 2) the region flanked by the two priming sites is longer than 100 bps and less than 
3000 bps since the Taq polymerase cannot amplify very short (spatial requirement for 
the enzyme) or very long regions. For one strand of template DNA, there will be, on 
average, one priming site for every 4I0= 106 bps that perfectly match a specific primer. 
The chance that the sequence of 3xl03 bps on the other strand following the priming site 
has a priming site is 3xl03/106. Therefore, the number of bps needed to have one 
fragment amplified is about 1012 / (3X103) = 3.3x10*. The size of genomes of longleaf 
pine and slash pine is about 3x10'°. The number of bands that can be amplified from 
longleaf pine and slash pine are estimated to be 100. However, although the number of 
bands amplified from longleaf pine and slash pine is more than that from species with
14
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smaller genomes, the number of bands amplified is normally 4 to 20, which is not 
proportional to the genome size. The number of bands that can be amplified seems to be 
limited by the competition among the loci being amplified, and when no loci meet the 
amplification requirements, loci with false priming may be amplified.
RAPD analysis is simple, fast and does not use radio-labeled nucleotides. Each 
amplification reaction uses as little as 10 ng genomic DNA for a genome with a size of 
10'° bp. Automation is now available for parts of the RAPD analysis, which enables 
researchers to create high-density genetic maps in a short time. Reiter et al. (1992) 
proved this high efficiency by placing over 250 new genetic markers on a recombinant 
inbred population of Arabidopsis thaliana in only four person-months. Carlson et al. 
(1991) showed the efficiency of RAPD analysis by making mapping in conifers a 
reasonable endeavor. Chaparro et al. (1992) did the same by creating a 191-marker 
RAPD map of loblolly pine in only six person-months. Combining the RAPD technique 
with pooling strategy and use of near isogenic lines, RAPD markers that are tightly 
linked to a specific locus can be obtained. RAPD markers have been the most frequently 
used molecular markers in mapping the genomes of trees and have been used to map 
maritime pine (Pinus pinaster) (Plomion et al. 1995a), sugar pine (Pinus lambertiana, 
Dougl.) (Devey et al. 1995), longleaf pine (Kubisiak et al. 1995, Nelson et al. 1993), 
slash pine (Kubisiak et al. 1995, Nelson et al. 1994), loblolly pine (Devey et al. 1994, 
Knott et al. 1997), radiata pine (Pinus radiata) (Emebiri et al. 1998b), and eastern white 
pine (Echt and Nelson 1997).
15
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
SCAR markers
RAPD markers have the advantage of being a simple and fast. However, they are 
dominant markers, and in a relatively complex genome several loci (four to 10) can be 
amplified in a single PCR reaction. These features are shortcomings for the application 
of RAPD markers linked to genes of interest in large scale breeding programs.
To improve the functionality of RAPD markers linked to genes of interest, Paran 
and Michelmore (1993) developed sequence-characterized amplified regions (SCARs) 
as PCR-based genetic markers. After cloning a polymorphic RAPD and end- 
sequencing, they derived a pair of oligonucleotide primers by extending the RAPD 
primer along the sequence to two 24-mer primers containing the RAPD primer at their 
S' terminals. Since the primers are 24-mers, only a single locus is likely to be amplified. 
Moreover, the annealing temperature of SCARs is more stringent resulting in a more 
reliable amplification than that for RAPDs. In some cases, especially using closely 
related near isogenic lines as polymorphic organism sources, codominant SCAR 
markers might be obtained.
In addition to extending RAPD primers, SCAR primers can be derived from 
internal sequences by computer software such as OLIGO Primer Analysis Software, 
version 5.0 for Windows developed by National Biosciences, Inc.; Plymouth, MN. This 
computer program analyzes the sequences of RAPD clones, and uses the sequence 
information to rules out primers that have a stable within-primer-hairpin structure, 
primers that will prime with each other within the primer pair, and primers that have 
more than one priming site in the cloned sequences. This program also can output better 
combination of forward and reverse primers regarding the melting temperature (Tm).
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Paran and Michelmore (1993) successfully derived eight SCARs from RAPDs 
linked to downy mildew resistance gene in lettuce, with four of them being codominant. 
But occasionally, a SCAR primer pair amplifies a monomorphic locus. In this situation, 
polymorphism may be restored by finding an internal restriction site polymorphism. 
Williamson et al. (1994) derived one codominant SCAR marker from a RAPD most 
tightly linked to nematode resistance gene in tomato, and Hittalmani et al. (1995) 
developed a dominant SCAR marker linked to rice blast resistance gene by digesting the 
non-polymorphic PCR product with a restriction enzyme to restore the polymorphism. 
SCARs have been used for mapping genes of interest, map-based-cloning, or marker- 
assisted selection (MAS) in fungi (Schilling 1996) and several plants including lettuce 
(Paran and Michelmore 1993, Witsenboer et al. 1995), common bean (Adam-Blondon 
etal. 1994, Gu et al. 1995), oak (Bodenes etal. 1997), citrus (Deng et al. 1997), and 
longleaf pine (Weng et al. 1998). However, the development of SCAR markers is much 
more time-consuming, complicated, and expensive compared to RAPD markers. 
Scientists could not afford the time and money to construct linkage maps with solely 
SCAR markers. So, their use has been limited to the transfer of RAPD markers linked to 
genes of interest.
Genome Linkage Mapping
Genome mapping is to construct maps for chromosomes with relative positions 
of markers on chromosomes. Before the advent of molecular markers, mapping of 
genomes usually used phenotypic traits as markers. The efficiency of mapping using 
these markers was low. Today, mapping of a higher plant genomes using DNA 
molecular markers, particularly RAPDs, is a much faster process. The markers used to
17
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build linkage maps should be polymorphic between genomes of the two parents to be 
mapped. Then the linkage of these markers can be analyzed in a manner of Mendelian 
factors. When the number of these polymorphic markers is sufficiently large, the 
majority of the genome can be mapped.
Genetic mapping of forest trees has been hampered by the long generation 
interval of tree species, and only recently genetic mapping has been applied to forest 
trees. Genetic linkage maps have been constructed in Populus (Bradshaw et al. 1994), 
Eucalyptus (Grattapaglia et al. 1994), sugi (Cryptomeria) (Mukal et al. 1995), Picea 
(Binelli and Bucci 1994), Dougla-fir (Pseudotsuga menziesii Mirb.) (Krutovskii et al. 
1998), and Pinus (Nelson et al. 1993,1994, Devey et al. 1994, 1995, Plomion et al. 
1995a, 1995b, Kubisiak et al. 1995, 1996, Bucci etal. 1997).
Polymorphisms
Polymorphism can be referred to as the existence of two or more genetically 
different classes in the same interbreeding population; that is, there exist at one locus 
two or more alleles (Crow and Kimura 1970). The basic requirement for a DNA locus to 
serve as a marker for genome mapping is that this locus should be polymorphic. For 
RAPD markers, there are only two possible alleles, presence and absence, since RAPD 
markers are considered as dominant markers. In genome mapping, different mapping 
pedigrees are needed for different situations of polymorphism to develop markers. For 
polymorphisms that are homozygous-present in one parent and homozygous-absent in 
the other, which is the case for inbreeding species, an F2 population or a backcross 
population is necessary to use these polymorphisms. For polymorphisms that are
18
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heterozygous-present in one parent and homozygous-absent in the other, or that are 
doubly heterozygous, an F, population will be adequate.
Pines are out-crossing species, and the two homologous chromosome sets of the 
genomes are highly heterozygous (Hamrick et al. 1992). These polymorphism situations 
have allowed more options for genome linkage mapping in pines than in inbred species. 
With the advantage afforded by the megagametophyte uni-parent segregation system 
(Guries et al. 1978, Conkle 1981), pine genomes of single trees can be mapped using 
heterozygous markers without making any crosses and without the need of producing 
tissues of the second generation (Guries et al. 1978, Conkle 1981, Nelson et al. 1993, 
1994). Using the tissues from second generation individual trees and the markers that 
are heterozygous in one parent and homozygous-absent in the other, the genomes of 
single trees of the two parents can be mapped (Kubisiak et al. 1995). The markers that 
are homozygous in one parent can be identified and mapped in the same way as for 
inbreeding species using a backcross population. However, due to the out-crossing 
nature, the mapping design for pine species can be much more complicated. Longleaf 
pine and slash pine have been mapped using megagametophytes (Nelson et al. 1993,
1994) and using leaf tissues of F, hybrid of longleaf pine x slash pine (Kubisiak et al.
1995).
Linkage analysis
Linkage can be defined as the greater association in inheritance of two or more 
non-allelic genes than to be expected from independent assortment. Genes are linked 
because they reside on the same chromosome. Genetic linkage can be measured using a 
recombination fraction. When the two loci are unlinked, or segregate independently, the
19
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recombination fraction for the gametes will be close to 0.5. A recombination fraction 
significantly smaller than 0.5 is evidence of linkage between the two loci.
Recombination is the result of crossover between two non-sister homologous 
chromosomes during meiosis, and is the basis of estimating genetic distance (Sturtevant 
1913). Morgan and Bridges (1916) took the distance between two loci as proportional to 
the recombination fraction value. This theory gave consistent results when the 
recombination fraction values were small. However, the measure of genetic distance 
using recombination fraction has a shortcoming when the recombination fraction values 
are not small because it neglects information about multiple crossovers (Haldane 
1919a). Multiple crossovers can be corrected using Haldane’s function (Haldane 
1919b). Haldane’s function is expressed as follows:
* = “ lo g .(l-2 j0
where, x is the genetic distance in cM, andy  is the recombination fraction. Haldane’s 
function can deal with a group of factors containing few markers that are not very 
closely linked. It uses the number of crossovers as the basis for genetic distance instead 
of the recombination fraction. Therefore, Haldane’s genetic distance can be added and 
subtracted when there are multiple loci, just as the number of crossovers can be added 
and subtrated.
One aspect that Haldane’s function cannot deal with is the interference among 
crossovers. In most cases of practical importance, the occurrence of crossover tends to 
inhibit the formation of other crossovers in its vicility due to the rigidity of 
chromosomes. When the region between two markers is small enough, the occurrence
20
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of one crossover will prevent the occurrence of others. This phenomenon is referred to 
as interference. Taking interference into considerations, Kosambi (1944) derived 
Kosambi’s function:
1, 1+2yx = —log,----—
4 \ - 2 y
to account for interference where x and y  have the same meaning as in Haldane’s 
function. Haldane’s and Kosambi’s mapping functions have been widely used in 
genetics and many human genetic analyses.
Statistical inferences of genetic linkage analysis have mainly employed the 
likelihood estimation procedure (Haldane and Smith 1947). They are based on the 
likelihood under the assumption that the two loci are linked relative to the likelihood 
under the assumption that the two loci are unlinked. Log of odds ratio (LOD) score has 
been widely used as the test statistic for genetic linkage analysis to judge significance 
(Morton 19SS, 1956). If a parent with genotype AB/ab produces a sample consisting of 
40 gametes with genotypes and number of individuals for each gamete genotype: 
Genotype AB ab Ab aB
N 16 16 4 4,
and the recombination fraction between these two loci is 9, then the likelihood to 
observe the occurrence of these sample is equal to:
L(0) = (l-0)32^
LogL(9) = 321og(l-9) + 81ogd
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Take the first derivative of the likelihood function to the variable 9, and set it to be 
equal to zero. The solution is the maximum likelihood estimate of &.
i - i
5
If we assume there is no linkage between the two loci; that is, 6= 'A; the likelihood is 
equal to:
£(i) = (i)40-
The LOD score is:
LOD = log, m = log10
(1 - 0 ) i20* 
(i)40
= 321ogl0 (1 -  0) + 81oglo0 -  40 log iq (f)=3.35.
Map construction
The concept of genetic linkage analysis described above is referred to as the 
two-point linkage analysis. Construction of genetic maps makes use o f the two-point 
linkage analysis to group the markers into linkage groups. A LOD score equal to or 
greater than 3.0 is usually selected as the threshold for statistic inference for the linkage 
significance.
In constructing genetic linkage maps for genomes, more than two markers are 
usually in one linkage group. This raises a question about how these markers are 
ordered. With the linkage map growing denser, the simultaneous analysis of three-point 
or more loci becomes more important. Bailey (1961) was the pioneer to propose the 
theoretical aspects for these concerns. In human genetics, Renwick and Bolling (1971) 
and Cook et al. (1974) were the first scientists to use the three-point analysis to 
investigate genetic linkage. Meyers et al. (1975,1976) formally used the likelihood
22
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analysis in the multiple loci linkage analysis. Rao et al. (1979) estimated the map 
distances for thirteen loci on one chromosome based on the two-point analysis. 
Computer software packages are available for genetic linkage analysis and map 
construction, such as MapMaker/Exp (Lander et al. 1987), GMENDEL (Liu and Knapp 
1990, and JoinMap (Stam 1993).
QTL Mapping
Many phenotypic traits are quantitative traits. Quantitative trait loci are locations 
of genes that regulate a quantitative trait. QTL mapping is a procedure to detect QTL- 
marker associations. The idea of using genetic markers to locate the QTLs controlling 
quantitative traits dates back to the early 1920’s for detecting the association of seed 
size of beans with seed-coat pigmentation (Sax 1923). Later, the linkage of the genes 
controlling a quantitative trait with single gene markers was reported on Drosophila 
(Breeze 1957). Using single gene markers to systematically characterize and map QTLs 
was first proposed by Thoday (1961). The application of this technique was once 
limited by the lack of segregating markers for analysis. The discovery of DNA 
molecular markers such as RFLPs and RAPDs has facilitated the application of this 
technique in the last decade (Beckmann and Soller 1983). QTL mapping has been 
applied to poplar (Populus) (Bradshaw et al. 1994, Bradshaw and Stettler 1995), 
chestnut (Castanea) (Bematzky and Mulcahy 1992), loblolly pine (Pinus taeda L.) 
(Neale et al. 1994, Groover et al. 1994), Eucalyptus grandis and E. urophylla 
(Grattapaglia et al. 1995,1996), radiata pine (Pinus radiata) (Emebilri et al. 1998a, 
1998b).
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Theoretically, if the segregation of a single marker could be used to detect and 
estimate the effect of a linked QTL and if the markers were scattered throughout the 
genome, it should be possible to map all of the QTLs controlling a quantitative trait 
(Tanksley 1993). If linkage map for each chromosome is not available, the association 
between a single marker and a QTL may be detected. If linkage maps for each 
chromosome are available, the QTLs can be located on the chromosomes. Two ways of 
using marker information are most frequently reported: 1) single marker: using a single 
marker as an independent variable for statistical analysis (Montgomery 1984); and 2) 
marker interval: using a single marker interval as an independent variable for statistical 
analysis (Lander and Botstein 1989). The single marker approach does not need any 
linkage information between the markers. Each QTL can be detected to be linked to a 
single marker. The marker interval approach is able to locate the QTLs on chromosomes 
or linkage groups. But they cannot use unlinked markers for QTL searching. Single 
marker and marker interval approaches consider one QTL for each search. The effect of 
other QTLs is considered random. Single marker and marker interval approaches have 
been demonstrated to give nearly identical results (Stuber et al. 1987).
For these two approaches, three statistical methods, regression (Montgomery 
1984, Weisberg 1985, Cowen 1989), maximum likelihood estimation (Weller 1986, 
Lander and Botstein 1989, Lou and Kearsey 1989), and moment (Darvasi and Weller 
1992) can be applied. Among them, regression and maximum likelihood estimation are 
the most frequently used methods. The regression method fits a model using least 
square or minimum residual variance (Weisberg 1985). Maximum likelihood estimation 
estimates the QTL effect and genetic distance between a marker and a QTL by
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maximizing the likelihood of the likelihood function (Weller 1986,1987, Lander and 
Botstein 1989, Luo and Kearsey 1989, Knapp et al. 1990, Knapp 1991, Paterson et al. 
1991). Maximum likelihood estimation gives an accurate estimation of QTL effects and 
allows hypothesis testing, but it involves a large amount of computation. Moreover, 
iterative numerical methods are required to maximize the likelihood, thus making it 
nearly impossible to handle simultaneous multiple QTL models (Haley 1992). The 
regression method offer an advantage over the maximum likelihood estimation in terms 
of computing speed and ability to handle simultaneous multiple QTL models. Hayley 
and Knott (1992) and Weng et al. (1999) found that the maximum likelihood estimation 
could well be approximated by the simple regression method. Xu (1998) demonstrated 
no detectable difference between maximum likelihood estimation and regression within 
a certain range of parameters considered. Nevertheless, they all used simulated data to 
do the analysis. Further research may be needed to verify the accuracy of the regression 
method.
There are no procedures and algorithms developed specifically for two- 
generation mapping populations of outcrossed species and for using RAPD markers. 
Most QTL mapping approaches are developed for pedigrees of inbred species using 
codominant makers (Montgomery 1984, Weisberg 1985, Weller 1986, Lander et al. 
1987, Lander and Botstein 1986,1989, Lou and Kearsey 1989, Haley and Knott 1992, 
Martinez and Cumow 1992, Zeng 1994). Mapping QTLs in outcrossed species is much 
more complicated than in inbred species but simpler using dominant markers. Many 
procedures and algorithms for using codominant markers can be deduced to meet the 
needs of using dominant markers. The algorithms of QTL mapping differ for different
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kind of markers and different mapping pedigrees. For the research of this dissertation, 
dominant RAPD markers were the only markers used for linkage and QTL mapping, 
and the outcrossed pine species were the subject of interest. Similar to what was 
mentioned previously in the linkage analysis, outcrossed species also have the 
advantage that a two-generation pedigree may be adequate for QTL mapping. In this 
case, we can only analyze the two parents separately and we only need to consider the 
genotypes of gametes that one of the two parents has transmitted to the progenies. The 
models discussed below will be based on dominant RAPD makers and gamete 
genotypes of one parent.
Single marker regression
Single marker regression using RAPD markers is the simplest model. Suppose 
we have phenotypic trait data of n individual trees with known marker genotypes,
Y={y„ y2,....... , y„}. For each marker, an F-test is carried out to determine significance
of the QTL effect. Since there are only two genotypes (presence and absence) in the 
mapping population for each marker, the tests are actually t-tests. So, the statistical 
model is
Yjj = p + a f + efj where,
Yy : phenotypic trait
p : true mean
aj : QTL effect
e;j : random error effect.
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A RAPD marker genotype is used to represent a QTL genotype. The linkage between 
the marker and the putative QTL is assumed to be complete. Each RAPD marker is 
considered separately as an independent variable. However, when there is a crossover 
between the marker and the QTL in some individuals, these individuals will be 
incorrectly classified into QTL genotype for the analysis.
Single marker maximum likelihood estimation
Analysis using maximum likelihood estimation can avoid the misclassification 
of QTL genotype. Instead of using marker genotypes as independent variables, 
maximum likelihood estimation uses a probability distribution of each marker genotype. 
If the parental genotype is AQ/aq and the distance between A and Q is 0, then the 
possible genotypes and their frequency for gametes transmitted to progenies can be 
calculated (Table 2.1).
Table 2.1. The frequency and number of individuals of each gamete genotype in the 
single marker approach using dominant markers. The recombination fraction between A 
and Q is 0.
Marker OTL genotype number of
genotype Q q individuals
A 0.5(1-*?) 0.50 ni
a 0.50 0.50
The distribution for a population with and without the QTL can be considered as 
N(m , Oq2) and N(pq, oq2), with Pq and pq being the true means for populations with the 
QTL and without the QTL, and <rQ2 and aq2 being the true variance for populations with 
the QTL and without QTL. When no linkage between the marker and QTL is
27
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considered, the distribution of Y is a mixture of two normal distributions with the same 
weight:
/ O ,  I //0 , , <xj, <r*) = O.5N(//0 ,o-q)+ 0.5N (//,,(Tzq).
When a marker is considered linked to a QTL, the distribution is a mixture of 
two normal distributions that have different weights. The weights are related to the 
genetic distance between the marker and the QTL. For individuals that have marker 
genotype “A”, their distribution will be:
A y ,  I Mq. Mq, 0 0 .<*}) =  0 ~ , <t] ).
For individuals that have marker genotype “a”, their distribution will be:
A y ,  I Mq. Mh, 0 -0 = ^ (/^ 0 , 0 -J) + (1-0)N (/V o-,2).
The likelihood of the n individuals with known genotypes will be the product of all the 
distribution functions:
wl11 Ay, IMq. m^ I ^ ; ^ )
/•i
n « y j  IMqi 
. >■
It is convenient to use the EM algorithm (Dempster et al. 1977, Lander and Green 1987) 
to find the maximum likelihood solution.
The likelihood ratio (LR) is the test statistic for maximum likelihood estimation. 
The likelihood ratio is defined as the ratio of likelihood that assumes there is a linkage 
between a QTL and the marker interval to the likelihood that assumes there is no 
linkage between a QTL and the marker interval. It can be formulated as:
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L R - L ( y l  V q ’ Mi ’V q ’ ^ ’ 0 )
L(Y\fii ,/ /  ,<Tl ,<Tl ,0 ) *
where //, and trare the true mean and variance for the population. Log of odds ratio 
(LOD) is usually used as the test statistic for QTL mapping using maximum likelihood 
estimation. LOD is simply the log of LR.
Interval regression
QTL analysis using single marker regression can result in misclassification of 
QTL genotypes due to the crossovers between marker and QTL. The larger the distance 
between marker and QTL, the more severe the misclassification will be. Using marker 
intervals for the analysis will reduce the probability of misclassification. Suppose a 
marker interval is flanked by two RAPD markers, A and B, and the parental genotype is 
AQB/aqb with recombination fractions 0X between A and Q and 4  between Q and B. 
This can be represented diagrammatically by:
A O________B.
Then the possible gametes and their frequency can be calculated (Table 2.2).
Table 2.2. The frequency and number of individuals of each gamete genotypes in the 
interval mapping approach using dominant markers. The recombination fraction 
between A and Q, Q and B is 0„ and 4*
Marker Genotype________________ QTL genotype_______________  Number of
genotype group Q q individuals
AB 1 / Q(4 = o -0 ,x i-4y (i-0 ,-4 ) f* ( A r # im - 0 (4 b n,
Ab 2 /:Q(0)=(l-0,)4/(0,+4-44) / 2q(4 = 4 (i-4 )/(0 ,+ 4 -4 4 )
aB 3 fy £ Q = O x (\-m o & 0 rm /3„(0>=(l-0,)4/(0,+4-0,4)
ab 4 /4 ,(0)=(i-0,X i-4yo-0,-4)
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Let Yy be the observation on the i* plant in the j* marker genotype group and 
./^(ft, ft) and)jq(ft, ft) be the probability that a QTL is present and absent in an 
individual from the particular group j. Under the hypothesis that the QTL effects are 
additive, the statistical model can be written as
Yjj =  p  +  a [/jQ ( ft , ft)-Jjq(ft, f t )]  +  e ;j,
where a  is the QTL effect with magnitude of a  for individuals with the QTL and -a for 
individuals without the QTL. Fitting this model at different a , ft, and ft, we can obtain 
residual sum of squares for each value combination of a, ft, and ft. A minimum sum of 
squares can be found, which is an indication of whether a QTL effect is significant.
Instead of two marker genotypes in the single marker approach, there are four 
marker genotypes in the interval marker approach. For analysis using a single marker, 
the rate of misclassification is ft and ft for the two markers, respectively. But for 
analysis using marker interval AB, the rate of misclassification is reduced to ft ft, which 
is much smaller than ft, or ft. However, the estimated expectations of the four marker 
genotype groups are still the sample means of the marker genotype groups. As Xu 
(1995) has pointed out, regression interval mapping inflates the residual variance. This 
inflation could be substantial when multiple markers are used simultaneously as 
covariates. Residual variance estimated by a simple regression method contained part of 
the QTL variance caused by the mis-match of marker genotype and the QTL genotype. 
Interval maximum likelihood estimation
Using the situations summarized in table 2.2, the likelihood function for this 
sample is:
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i=l
where ,Og,and <xq are the true means for population with QTL and without
QTL, the true variance for the population with QTL and without QTL. O^O^) and 
<DiqO ij) are the normal probability density for those individuals with QTL genotype Q 
and q, and N is the total number of individuals in the sample, N=n, + n2 + n3 + n4. Like 
the likelihood function in single marker maximum likelihood estimation, this likelihood 
function also can be maximized using the EM algorithm. The QTL mapping computer 
program MapMaker/QTL (Lander et al. 1987) is based on the interval maximum 
likelihood estimation.
Three parameters are of primary interest in QTL mapping, the position, QTL 
effect, and test statistic. Test statistic is of fundamental importance because QTL effect 
and position are meaningful only when the QTL is identified to be significant. 
Regression methods use relative residual sum of squares as the test statistic and the 
maximum likelihood estimations use the likelihood ratio as test statistic. Although the 
regression method provides good estimates of QTL effects and positions, estimation of 
the residual variance tends to be overestimated (Xu 1995). This certainly decreases the 
power of QTL detection using regression methods. The test statistic for interval 
maximum likelihood estimation is still based on the likelihood ratio expressed by the 
formula:
LR-  L (r 1 Mq' Mq’° 1q’°«
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By examining the likelihood function, we can find that the likelihood ratio that uses 
mixed distribution is smaller than that uses data that every QTL genotype can be 
identified directly and correctly. However, maximum likelihood estimation is still the 
method that other methods try to approach (Haley and Knott 1992, Xu 1995, 1998, Xu 
andXie 1999).
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CHAPTER 3
COMPARISON OF MAXIMUM LIKELIHOOD ESTIMATION APPROACH 
AND REGRESSION APPROACH IN DETECTING QUANTITATIVE TRAIT
LOCI USING RAPD MARKERS
Introduction
RAPD (random amplified polymorphic DNA) markers are fragments of DNA 
amplified from genomes of organisms (Williams et al. 1990, Welsch and McClelland 
1990). The RAPD technique uses decamer nucleotides as primers to amplify regions of 
template DNA. Nucleotide mismatches at the priming sites such as those caused by 
insertions and deletions of one or more base pairs, or insertions, deletions, and 
translocations in the amplified regions, may lead to polymorphisms. RAPDs are 
dominant markers and are attractive because the procedure is simple, fast, and uses trace 
amounts of template DNA. The association between RAPD markers and QTLs can be 
detected using various methods. Markers that are tightly linked to QTLs may then be 
used for marker-assisted selection to guide breeding efforts.
Approaches developed for detecting QTLs using molecular markers can be 
classified into marker interval approaches and single marker approaches. For marker 
interval and single marker approaches, statistical methods, such as regression, 
maximum likelihood estimation, and moment can be applied. The single marker 
approach uses a single marker as the independent variable. This approach does not 
require any linkage information of markers. The marker interval approach uses an 
interval between two linked markers as the independent variable. This approach needs 
linkage information o f markers for the analysis and cannot use unlinked markers. 
Regression and maximum likelihood estimation have been the two statistical methods
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most frequently used in detecting QTLs. Single marker simple regression is the most 
straightforward method for detecting QTLs. This method compares the two or three 
phenotypic means of the trait for each marker genotype. The amount of variance 
explained by the marker is the basis for whether or not the marker is associated with a 
QTL (Tanksley et al., 1982). This approach has been successfully applied in detecting 
QTLs (Keim et al. 1990, Diers et al. 1992, Stuber et al. 1992, Young et al. 1993). In 
spite of its ease, single marker simple regression has three main problems. First, this 
method is more likely to give a biased estimation of QTL effect, thus underestimating 
the QTL effect. Second, the analysis cannot distinguish a tightly linked QTL of small- 
effect from a loosely linked QTL of major-effect. Third, the analysis cannot provide the 
genetic distance between the marker and the gene, which limits the value of the marker 
in practical application.
Single marker maximum likelihood estimation provides a way to overcome 
these three problems. The first use of likelihood statistic for linkage analysis was for 
analysis of human genetic linkage by Fisher (1935). Since then, the method of 
maximum likelihood has been commonly used in human genetic linkage analysis (Ott 
1985). Weller (1986) applied maximum likelihood estimation techniques to analyze the 
association between a marker and a QTL in an F2 family of two inbred lines. Lander et 
al. (1987) introduced QTL interval mapping strategy and the computer software for 
interval mapping using maximum likelihood estimation. Luo and Kearsey (1989) 
demonstrated the maximum likelihood estimation method to detect linkage between 
DNA markers and QTLs using RFLP markers. In this paper, the single marker 
maximum likelihood estimation approach will be compared with the single marker
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simple regression approach in detecting association between RAPD markers and QTLs 
controlling the early height growth in a ((longleaf pine x slash pine) x slash pine) BC, 
population.
Materials and Methods
Plant population and field data
A ((longleaf pine x slash pine) x slash pine) BC, family was used for this study. 
The seeds from this backcross were sown in June 1996. Data from a total of 83 
seedlings were used. The total height in millimeters was measured for each of the 83 
seedlings in January 1997.
RAPD markers and linkage
A total of 266 RAPD markers (150 were the F, parent-specific and heterozygous 
in the F, parent, and 116 were the recurrent slash pine parent-specific and heterozygous 
in the recurrent slash pine parent) were identified. One hundred and thirteen of the 150 
F, parent-specific RAPD markers were mapped into 17 different linkage groups (pfl- 
pfl 7), and 83 of the 116 recurrent slash pine parent-specific RAPD markers were 
mapped into 19 different linkage groups (pel-pel9). The remaining 70 RAPD markers 
remained unlinked (Weng et al. unpublished data). As no genotype information was 
available for the two grandparents, linkage maps can only be constructed for each of the 
two parents. Although marker genotypes of BC, trees and the linkage of mapped 
markers for each parent were available, there is no homologous information for the two 
parents. Therefore, when we searched for QTLs, we could only search each parent 
separately. Only those markers that were heterozygous in one of the parents and absent 
in the other parent were useful for detecting QTLs in this research. If there was an
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allelic QTL that was heterozygous in both parents, it would be detected as two non­
allelic QTLs, one in each parent.
Statistical Methods 
Assumptions and distribution
If we consider the ((longleaf pine x slash pine) x slash pine) BC, population 
consisting of the 83 seedlings, each seedling can have one of the two genotypes for each 
QTL. The height trait was assumed to be controlled by several major-effect QTLs and 
many small effect QTLs. Since there are so many QTLs the accumulation of QTL 
effects can be considered as random effect and the distribution of total height can be 
approximated to be normal. The assumptions necessary for this approach are:
1. total height trait is N(|i, o2),
2. gene action is additive,
3. there are no QTL by QTL interactions and no QTL by environment interactions, and
4. micro-environmental effects are random.
Taking into account a single QTL effect 28, the distribution will be N(p+8, oQ2), 
or N(|1q, a 02)for the group of trees containing the QTL, and N(p-8, a q2), or N(|iq, crq 2) 
for the group of trees not containing the QTL.
Simple Regression
Suppose we have total height data of n individual trees with known marker 
genotypes,
Y={y„ y2,........ , y„}.
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In single marker regression method, a RAPD marker genotype is used to 
represent a QTL genotype. The linkage between the marker and the putative QTL was 
assumed to be complete. Each RAPD marker is considered separately as the 
independent variable. The model will be:
Yjj = H + a i + eij (1)
where
Yy : total height
p. : true mean
a t : QTL effect
efj : random error effect.
The marker effect can be analyzed by regression. Markers tested to be 
significant at a given significance level will be considered to be a QTL. However, 
considering a marker as a QTL is not accurate. If the QTL and the marker are not 
exactly at the same locus, the QTL effect will be underestimated. The farther the QTL is 
away from the marker, the larger will be the bias. Moreover, this model cannot tell how 
far the QTL is away from the marker. A more sophisticated model of regression can 
take the distance between the QTL and the marker into account.
For marker present genotype, the model is:
Yy = p + a (l-2 0 ) + efj (2)
For marker absent genotype, the model is:
Yy = n +<x(20-l) + ey (3)
where
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0 represents distance between the QTL and the marker in terms of 
recombination fraction. By searching over the parameter space for various values of a  
and 0, the combinations that yield the smallest residual sum of squares can be 
determined. However, combinations will result in the same minimum residual sum of 
squares as long as a(l-20) or a (20 -l) equals the difference between the true mean and 
the sample mean for marker-presence genotype group or marker-absence genotype 
group. Therefore, this model cannot distinguish a tightly linked QTL of small effect 
from a loosely linked QTL of large effect. To obtain the accuracy, the maximum 
likelihood estimation was used.
Maximum likelihood estimation
For this model, we use “A” and “Q” to represent, respectively, the presence of 
marker and the QTL, “a” and “q” to represent absence of marker and the QTL, and 0to 
represent the frequency of recombination between the marker and the QTL. If the 
parental genotypes are:
A B O  
a 9  q.
the possible genotypes and their frequency for BC, progeny will be:
genotype probability
A . _.Q O.5(l-0)
a____ 3 O.5(l-0)
A------ a 0.50
a Q 0.50.
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When only genotypes for a single QTL are considered, each of the populations 
(with and without the QTL) can be considered as normally distributed. The distribution 
for population with and without the QTL will be N(pQ, oQ2) and N(pq, a q2), where 
p0 : the true mean for population with the QTL,
oQ2 : the true variance for population with the QTL,
pq : the true mean for population without the QTL, and
oq2 : the true variance for population without the QTL.
When no linkage between the marker and QTL is considered, the distribution of 
Y will be a mixture of two normal distributions with same weight:
fCyilAj. Ap <*q, c q2) = Of
1
exp -(y i-A o )2 x  A C
1 -(y .-A q)2
yj2n<Tq 2 o q
' v « J
J2xcr*
exp
I 2^ 2 J
When a marker is considered linked to a QTL, the distribution will be a mixture 
of two normal distributions that have different weights. The weights are related to the 
genetic distance between the marker and the QTL. For individuals that have marker 
genotype “A”, their distribution will be:
fCyjAn Ar 0) = (1-0)
1
*0n
“1
1
+ 6
yf2ff(T*
exp •(y/u-A ,)2
2 ^ 2
For individuals that have marker genotype “a”, their distribution will be: 
f(y»lA)> A,. o?. 0) = 0 - 0 )
1
exp -(y«-AQ>2 4- /3
1 -(yai-Aq)2
^2 x(Tq 2<Jq
T U
1 a
|
i
exp
1 K
>
A i
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The likelihood of the n individuals with known genotypes will be the product of 
all the distribution functions:
l (y / m q  Mg, <tq , a ] ,  0) =[f(yAi) f(yA2) fCy*) f(yAnA)][f(yJ f ( y J  f(y^)...... f(y»a)].
Where nA: the total number of trees with marker genotype “A”, and 
n,: the total number of trees with marker genotype “a”.
To maximize the likelihood, we take the partial first derivative for each of the 
five parameters and set them equal to 0. The solution for 0, pQ, pq, aQ2, and a 2 will be 
the combination that maximizes the likelihood.
It can be very complicated to solve these equations. However, we could write a 
computer program to search the parameter space to find the combination of 9, pQ, fiq, 
ctq2, and <rq2 that maximizes the likelihood function. The 9 will be the distance between 
the marker and the QTL, and |iQ*pq will be the magnitude of the QTL effect.
The statistical inference (LOP)
The log of odds (LOD) is often used as the test statistic for mapping genomes 
and detecting QTLs. The LOD is the log of odds ratio of likelihood at alternative 
hypothesis 0  (linkage) to the likelihood at null hypothesis 0o=O.5 (no linkage).
Ho: 9=00=0.5 vs H,: 0= 0X 
LOD= Log[L(Y/ 0,)/L(Y/ 0O)]
LogtL(Y/^)/L(Y/^)] > T (T: a LOD threshold)
LCY/^yLfY/fl,) < 1/10T
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U X G H f y J M y J Q )  A y M )  A x , j m A y M )  Ayjo,)
Ayjo,) Ay JO,)}
fly.lft) = o i
1
exp -(y. - M q )2 i n r
l 1 v; I w K
l 
__
1
yj2noQ 2oq ^2nOq
expL 2ai J
/ (X aiI^) = ( 1 - 3 ) ^2 n o \  _
exp •(Yai ~Hq)
2(Tq
+ 0,
Lv5 n o r
exp -(Y A i-^ )2
f ( y J 3 )  = 0 - 3 )
LV2n o a
exp - (y*-MQ)2 
2 o l + 3 .V*
exp - (y « -M ,)2 
. 2<
Results and Discussion
The simple regression
The LOD threshold is related to the Type I error rate in the following way: 
-21n[L(Y/3.)/L(Y/3)] -  Chi-square (df=l),
P{-21n[L(Y/3>)/L(Y/3)]} <0.0032,
-2ln[L(Y/$,)/L(Y/#)] > 9.2, 
ln[L(Y/3)/L(Y/3)l > 9.2/2 =4.6, 
log[L(Y/3>/L(Y/3,)]>2.0.
This indicates that a Type I error rate o f0.0032 is equivalent to a LOD threshold 
of about 2.0.
The distribution of total height was tested and found to be normal (P=0.8674). 
This result satisfied our assumption that the total height is normally distributed. 
Subsequently, each marker was analyzed, one by one, for an association with the total
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height. For each marker, the tree with an unknown genotype was deleted from that test. 
Simple regression (model 1) identified a total of 11 RAPD markers that were tested to 
have significant effect on the total height (Type I error rate of 0.0032, a P-value 
equivalent to a LOD of 2.0). Eight markers were located on linkage group pfl, one on 
group pf5, and two on group pf7. The R-square value for these 11 markers ranged from 
0.139 to 0.197. One additional marker, B08_0790 on linkage group pe5, had an R- 
square value equal to 0.099 but was slightly above our significance threshold with a P- 
value o f0.0041 (Table 3.1).
Table 3.1. The markers that were tested to be significant (P<0.0032) or to have an R- 
square equal to or greater than 9.9% using simple regression.
Degrees of Sum of squares 
Marker freedom for regression
Sum of squares 
for error F R-square group P
110 1650 78 4441.5 22575.0 19.1 0.197 pfl 0.0001
200 0830 78 3697.6 23678.8 14.4 0.156 pfl 0.0003
299 1250 79 2535.5 22907.5 9.8 0.111 pfl 0.0024
324 1750 81 3981.2 23792.0 16.3 0.167 pfl 0.0001
384 1110 81 3690.6 23792.0 14.9 0.155 pfl 0.0002
384 1150 81 3360.4 23792.0 13.3 0.141 pfl 0.0005
G04 1250 76 3487.8 23193.4 13.5 0.150 pfl 0.0005
W02 1210 81 3297.4 23792.0 13.0 0.139 pfl 0.0005
C l7 0670 80 2530.4 23693.0 9.6 0.107 pf5 0.0027
181 0550 81 2739.4 23792.0 10.5 0.115 pf7 0.0017
E09_0810 77 3015.3 23643.0 11.3 0.128 pf7 0.0012
B08 0790 79 2288.6 23004.5 8.7 0.099 pe5 0.0041
The maximum likelihood estimation using surface search
A computer program written in C language was used for calculating likelihood 
and LOD statistic. A range of values for Pq, pq <rQ\  a q2, and 0  (Table 3.2) was searched
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to find the combination that maximized the LOD. The ranges were selected such that 
the maximum likelihood estimates of the parameters fell within them. A total o f 21 
RAPD markers, belonging to eight different groups, were found to be significantly 
associated with total height at a LOD threshold > 2.0. Of the 21 significant markers, 
nine were located on linkage group pfl, five on pf5, two on pf7, one on pe5, two on 
pe8, one on pe!8, and one was unlinked.
Table 3.2. The ranges and steps for iteration of Pq, pq oQ2, <yq2, andft
Variable lower bound upper bound step magnitude
90 mm 130 mm 1 mm
_ 2 _ 2 
Q » q 300 400 5
0 0 0.36 0.02
The 11 RAPD markers found to be significantly associated with total height 
(P<0.0032) using simple regression were also significant with the maximum likelihood 
estimation approach (LOD>2.0). However, at the equivalent significance level, the 
number of significant RAPD markers using maximum likelihood estimation was about 
twice that using simple regression. This demonstrates the increased power obtained by 
employing a maximum likelihood-based approach. In addition, the maximum likelihood 
approach provides an estimate of the distance between the markers and their putatively 
linked QTLs.
A commonly used QTL genetic linkage program package, MapMaker/QTL, 
which employs a maximum likelihood-based interval approach, detected a total o f 11 
markers within the 36 linkage groups, whereas the single marker maximum likelihood 
estimation detected 20 (Table 3.3). Two possible factors may have contributed to these
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Table 3.3. The single marker maximum likelihood estimation test using surface search, 
The LOD values were compared to LOD obtained using MapMaker/TQL.
Marker 0 m>(mm) ft,(mm) LOD LOD (MapMaker) group
110 1650 0.00 106.0 119.0 4.00 4.11 pfl
200 0830 0.00 113.0 100.0 3.17 2.75 pfl
274 0560 0.00 103.0 113.0 2.04 2.73 pfl
299 1250 0.00 116.0 106.0 2.26 2.00 pfl
324 1750 0.00 122.0 106.0 3.87 3.68 pfl
384 1110 0.00 103.0 116.0 3.47 3.05 pfl
384 1150 0.00 119.0 106.0 3.26 2.75 pfl
G04 1250 0.00 100.0 110.0 2.82 2.76 pfl
W02 1210 0.00 103.0 116.0 3.00 2.69 pfl
141 0970 0.18 116.0 94.0 2.21 1.19 pf5
503 0400 0.26 94.0 122.0 2.21 1.59 pf5
A ll 0920 0.00 103.0 113.0 2.43 0.98 pf5
C l7 0670 0.16 110.0 94.0 2.82 1.39 pf5
J07 0860 0.16 94.0 110.0 2.04 1.35 pf5
181 0550 0.00 106.0 116.0 3.26 2.15 pfl
E09 0810 0.00 106.0 119.0 3.47 2.16 pfl
B08 0790 0.02 94.0 110.0 2.52 1.62 pe5
B08 1000 0.12 94.0 110.0 2.04 1.83 pe8
193 0400 0.10 110.0 94.0 2.36 1.53 pe8
D12 0820 0.00 103.0 110.0 2.00 0.97 pel8
225J300 0.14 97.0 110.0 2.00 - U*
175 0740 _ . <2.0 1.to pf5
U10 0680 - - <2.0 1.31 pf5
590 1220 - - <2.0 1.35 pf5
X04 0800 - - <2.0 1.21 pf5
384 0700 - - <2.0 1.44 pfl
B02 0700 - - <2.0 1.13 pfll
357 1000 - - <2.0 1.04 pf!2
U = unlinked to any groups
results. First, the LOD may have been balanced by the other marker comprising the 
linked interval, possibly suggesting that MapMaker/QTL may be more conservative. 
Secondly, single-marker maximum likelihood estimation may have absorbed some
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random variance, suggesting single-marker maximum likelihood estimation may be 
more robust than a interval-based approach. An unlinked marker (225 1300) was found 
to be significant using single marker maximum likelihood estimation, but could not be 
detected with MapMaker/QTL which requires information about linked markers only. 
Multiple regression
Markers tested to be significant using maximum likelihood estimation belonged 
to six linkage groups. To avoid multicolinearity, one marker was chosen for each of 
these six linkage groups to do multiple regression. The multiple regression results 
indicated that the combination of four markers (110_1650, C17_0670, E09_0810, and 
B08_0790) from four linkage groups (pfl, pf5, pf7, and pe5) explained 43.2% of the 
total variance of the total height growth (Table 3.4).
Table 3.4. The F tests for the four major effect linkage groups using multiple 
regression.
Source Df Type III SS Mean square F value Pr> F
110 1650 1 2660.44 2660.44 14.81 0.0003
C l7 0670 I 2401.78 2401.78 13.37 0.0005
E09 0810 1 1164.03 1164.03 6.48 0.0132
B08 0790 1 1594.18 1594.18 8.88 0.0040
Conclusion
The single marker maximum likelihood estimation approach was found to be 
more powerful than the simple regression approach in detecting markers linked to 
putative QTLs. It was also suggested that the single marker maximum likelihood
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estimation approach may be a more robust approach for detecting QTLs than an
interval-based approach such as that used by MapMaker/QTL.
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CHAPTER 4
MAPPING QUANTITATIVE TRAIT LOCI CONTROLLING EARLY 
GROWTH IN A LONGLEAF PINE X SLASH PINE BC, FAMILY USING
RAPD MARKERS
Introduction
Polymerase chain reaction (PCR)-based DNA markers can map the repetitive 
regions of a genome as efficiently as they can map the gene rich regions (Monna et al.
1994). This property is one of the advantages that PCR-based markers have over cDNA- 
based restriction fragment length polymorphism (RFLP) markers (Gill et al. 1996a, 
1996b). This property is particularly significant in mapping genomes of organisms that 
have large genomes where repetitive DNAs comprise a large proportion of the genome 
(Miksche and Hotta 1973, Rake et al. 1980, Kriebel 1985). Genome size of Pinus 
species has been estimated to be between 33 and 57 pg (equivalent to about 3xl0'° 
bps/haploid genome) (Ohri and Khoshoo 1986, Plomion et al. 1995, Walkamiya et al. 
1993), which is relatively large comparing with most other organisms. Random 
amplified polymorphic DNA (RAPD) markers, which are PCR-based, are attractive 
markers for genome mapping, map-based cloning, and analysis of genetic variation. 
Besides the properties that are shared with PCR-based DNA markers, RAPD analysis is 
fast, simple, and uses trace amount of DNA template (Williams et al. 1990, Welsch and 
McClelland 1990). RAPDs have been the most frequently used molecular markers for 
mapping pines including maritime pine (Plomion et al. 1995), sugar pine (Devey et al.
1995), longleaf pine (Kubisiak et al. 1995, Nelson et al. 1993), slash pine (Kubisiak et 
al. 1995, Nelson et al. 1994), loblolly pine (Knott et al. 1997), and radiata pine (Emebiri 
etal. 1998).
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Longleaf pine (Pinus palustris Mill.) has many desirable characters such as high 
wood quality, fusiform rust resistance, and southern pine bark beetle resistance. 
However, it has a delay in the early height growth (EHG) known as the “grass stage.” 
The grass stage has been an important factor that limits the artificial regeneration of 
longleaf pine (Schmidtling and White 1989). Efforts to genetically improve the EHG of 
longleaf pine through introgression of genes controlling EHG from either loblolly pine 
or slash pine began in the 1960s. Brown (1964) and Derr (1966,1969) made crosses 
between longleaf pine and loblolly pine or slash pine. Nelson (personal communication) 
made crosses between longleaf pine and slash pine in 1990 and backcrosses in 1995. 
Previous studies revealed that EHG is a quantitative trait controlled by a small number 
of major effect genes (Brown 1964; Nelson unpublished data) and has a heritability 
ranging from 0.47 to 0.68 (Layton and Goddard 1982, Snyder and Namkoong 1978). A 
more efficient approach to genetically improve EHG may be to map these gene loci 
with molecular markers, and then use the markers that are tightly linked to these loci for 
marker-assisted selection. As part of this approach, low to medium density RAPD 
linkage maps have been constructed for longleaf pine and slash pine (Kubisiak et al. 
1995, Nelson et al. 1993,1994).
Simple regression using single markers has been the simplest statistical method 
used to study the association between a marker and a quantitative trait locus (QTL).
This method is simply a t-test if there are only two marker genotypes or an F-test if 
there are more marker genotypes. Thoday (1961) used morphological mutants as 
markers to study the association between these markers and quantitative traits in 
Drosophila melanogaster. A more precise method is regression using marker intervals,
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which can provides the estimation of the genetic distance between markers and QTL 
effects, and it has been discussed in depth (Haley and Knott 1992, Martinez and Cumow 
1992, Zeng 1994, Xu 1995,1998). However, the approach of maximum likelihood 
estimation uses more sophisticated procedures and thus gives better estimation of QTL 
effect and the genetic distance between markers and QTLs. The method of maximum 
likelihood has been commonly used in human genetic linkage analysis (Ott 1985). 
Lander et al. (1987) introduced QTL interval mapping strategy and the computer 
software MapMaker/QTL for interval mapping using maximum likelihood estimation.
In this paper, I present the RAPD genetic linkage maps of a longleaf pine x slash pine F, 
tree and slash pine tree 18-27 using a BC, mapping population and detect QTL using 
single marker regression and the maximum likelihood estimation-based computer 
program, MapMaker/QTL.
Materials and Methods 
Plant material
A cross was made between longleaf pine (8R, 9) and slash pine (51, <S) in 1960. 
An F, (488 <5) tree from this cross was selected for backcrossing to 18-27 (slash pine) 
(9 ) in spring 1994. The seeds of this backcross were harvested in fall 1995 and sown in 
containers in June 1996. The seedlings were then planted at three planting sites, 
Bainbridge, Georgia (92 seedlings); Sheridan, Louisiana (92 seedlings); and Saucier, 
Mississippi (101 seedlings) in January 1997. But only 258 seedlings, 82 from 
Bainbridge, 83 from Sheridan, and 93 from Saucier, were used for linkage and QTL 
mapping.
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DNA isolation and purification
Total DNA was extracted from 1 .Og leaf samples of individual trees with a 
CTAB prep (Murray and Thompson, 1980). The DNA samples were purified further by 
Prep-A-Gene® (Bio-Rad, Richmond, CA 94804). The DNA samples were diluted to a 
working concentration of approximately 20 ng/pl with low TE (lOmM: ImM).
RAPD analysis
Decamer primers were purchased from either Operon Technologies (Alameda, 
CA) or J.Hobbs (Univ. of British Columbia, Vancouver, B.C., Canada). Primers were 
selected for screening either randomly or because they previously identified 
polymorphic RAPD markers in longleaf pine or slash pine. The selected primers were 
screened against both parents and six BC, progeny. RAPD bands that were present in 
only one parent and in at least one of the six progeny were classified as potentially 
testcross loci. The primers that amplified these testcross loci were further characterized 
on the entire mapping population (n=258). Presence of a band was scored as an 'H' 
(heterozygous) while absence of a band was scored as 'A' (homozygous band absent). 
Cases in which the presence or absence of bands was ambiguous were recorded as 
missing data.
Marker naming
Each polymorphism was assigned a two-part name according to Nelson et al. 
(1993). The first part was correspondent to the primer name, followed by the size (in 
base pairs, or bps, to the nearest lObp, with the last digit omitted) of the polymorphic 
fragment amplified. A letter “s” was inserted between the primer name and the size to
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indicate presence of RAPD bands on the homologous chromosome, and a letter “i” was 
inserted to indicate absence of RAPD bands. The letters “s” and “i” also could be used 
to identify the linkage phase of RAPD bands. In a linkage group, all markers with the 
same phase-indicator were in coupling phase, and those with different phase-indicators 
were in repulsion phase.
Linkage analysis
Each RAPD band was tested for goodness of fit to a 1:1 Mendelian segregation 
ratio by Chi-square statistics (a = 0.05). The linkage analysis was based on computer 
package MAPMAKER/EXP3.0 (Lander et al. 1987) using a modified backcross format 
(Nelson et al. 1993). The Haldane function was used to calculate the genetic distance. 
The data set was first grouped by using two-point analysis at a LOD threshold of 4.0 
and a maximum genetic distance of 35 cM. Then markers in each group were 
framework-ordered using a significance LOD threshold of 3.0 and a maximum genetic 
distance of 40 cM. For each group, markers that were tested for 1:1 segregation in the 
BC, family were used for framework order search. Orders of loci that were consistent 
for all three-point tests and at least 4 cM apart were chosen as framework orders to start 
the ordering. For those groups (except the groups with 2 loci) in which no framework 
orders could be identified, best orders were identified and used as the starting orders for 
ordering. These loci that could not be ordered using the framework threshold were 
placed into the framework orders using a LOD threshold of 2.0 and a maximum genetic 
distance of 40 cM. Those loci that appeared to be experiencing segregation distortion (a 
= 0.01) were included in the grouping step but were excluded from framework order
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analysis. Linkage groups were assigned two letter names followed by a number. The 
first two letters designate species or tree (pf = F, of pine, pe = Pinus elliottii).
Planting sites and experimental design
The seedlings were transplanted in January 1997 to three planting sites: 
Bainbridge, Georgia; Sheridan, Louisiana; and Saucier, Mississippi. The experimental 
design for the three populations was a completely randomized design.
Field data collection
Six measurements were made to address the early height growth of the BCl 
family. These six measurements were the total height (hi, h2, and h3) and the collar 
diameter (dl, d2, and d3) at 8,h (in the nursery), 17th and 30,h (in the field) month. The 
changes in height and diameter between these measurement dates were also calculated. 
These measurements were made in January 1997 (prior to outplanting, all seedlings 
were grown in the nursery), and October 1997 and November 1998 (post outplanting, 
seedlings were transplanted to three sites). The total height was scored as the height 
from ground to bud on the stem. Collar diameter was scored as the diameter 3 cm above 
the ground. So there were a total of 12 measurements: the height at the 8,h month (hi), at 
the 1711 month (h2), and at 30th month (h3), change of height between the 8th and the 1711 
month (Ah21), between the 17th and the 30th month (Ah32), and between the 8th and the 
SO"1 month (Ah31), and the collar diameter at 8th month (dl), at 17th month (d2), at 30th 
month (d3), changes of diameter between the 8th and 17th month (Ad21), between the 
17th and the 30th month (Ad32), and between the 8th and 30th month (Ad31).
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QTL analysis
Two methods were used for the QTL analysis. The SAS procedure GLM was 
used to do simple regression using single markers. A Type I error rate of 0.0032 has 
been demonstrated to be equivalent to a LOD score of 2.0 (Weng et al. 1999). Type I 
error rate was increased to 0.005 to compensate for the loss of power in single marker 
regression due to misclassification of QTL genotype (Weng et a l  1999). Then the 
computer software MapMaker/QTL 1.0 was used to search for QTLs using data 
standardized for location effects. A LOD score of 2.0 was chosen to be the threshold for 
QTL searching. QTL by environment interactions were analyzed using data from the 
three sites without being standardized for location effects.
Results
Linkage mapping
A total of 576 RAPD primers were screened against DNA samples of the two 
parents and six BC, trees. One hundred and sixty eight of the 576 primers identified 
testcross loci. All 168 polymorphic primers were further characterized in the 258 BC, 
progenies planted in Sheridan Louisiana. One hundred and twenty nine of the 168 
polymorphic primers identified 266 RAPD markers (Table 4.1). One hundred and fifty 
of the 266 markers were heterozygous in F, parent tree 488, the other markers were 
heterozygous in the slash pine parent tree 18-27. Chi-square tests suggested that 119 of 
the 150 F, parent tree specific testcross marker loci and 96 of the 116 slash pine parent 
tree specific testcross marker loci were segregating according to the expected 1:1 
Mendelian ratio (Type I error rate = 0.05).
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Table 4.1. The number of markers each RAPD primer amplified.
Number number of markers number of markers
of primer amplified per primer identified
52 1 52
40 2 80
23 3 69
9 4 36
2 5 10
2 6 12
1 7 7
Total 129 266
One hundred and sixteen of the 150 F, parent specific loci were grouped into 17 
groups (5 with 2 loci, 12 with three or more loci). A framework order search resulted in 
the identification of 70 framework markers (markers with prefix * in Figure 4.1) which 
fell into 10 linkage groups. Nineteen additional loci were placed into 9 of the 10 
frameworks. Six more loci were ordered using best order. Three loci could not be 
placed. None of the 34 unlinked loci could be placed in any of the 17 linkage groups. A 
total of 113 (78 + 19 + 6 + 2x5) loci were mapped into 17 linkage groups (5 pairs, 12 
with three or more loci). These 17 linkage groups cover a genetic distance of 1338.2 cM 
(Figure 4.1). Genome size of longleaf pine and slash pine can be estimated to be about 
2400 and 2300 cM using the method described by Hulbert et al. (1988). If it was 
assumed that each unlinked locus and each pair of the 34 ends account for 12 cM on 
average, the coverage percentage for these 150 loci could be calculated to be 84.5% of 
the total F[ genome.
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Figure 4.1. Linkage maps for the F( parent 488. Markers that begin with 
were framework markers.
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Figure 4.2. Linkage maps for the slash pine parent 18 27. Markers that begin 
with **’ were framework markers.
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Eighty-seven of the 116 slash pine parent specific loci were grouped into 19 
groups. A framework order search resulted in the identification of 52 framework 
markers (markers with prefix * in Figure 4.2) which fell into 12 linkage groups. Using 
relaxed threshold, 9 additional loci were placed into 4 of the 12 frameworks (Figure 
4.2). Six additional loci were placed in their most likely positions. Four loci could not 
be placed. None of the 29 unlinked loci could be placed into any of the 19 linkage 
groups. A total of 83 (56 + 9 + 6 + 2x6) loci were mapped into 19 linkage groups (6 
pairs, 13 with three or more loci). These 19 linkage groups cover a genetic distance of 
994.6 cM (Figure 4.2). With assumption that each unlinked locus and each pair of the 
38 ends account for 12 cM on average, the coverage percentage for these 116 loci could 
be calculated to be 70.4% of the total slash pine genome using the method described by 
Hulbert et al. (1988).
Correlation analysis
The normality tests suggested normal distribution for each of the 12 
measurements on total height and on collar diameter except the collar diameter at the 8Ih 
month (Table 4.2). Transformations using log, square root, square, and inversion could 
not obtain normality. So the collar diameter at the 8th month was analyzed based on a 
non-normal distribution.
The correlation among the 12 measurements was analyzed using SAS procedure 
CORR and is summarized in Table 4.3. The correlation coefficients between h2 and 
Ah21, h3 and Ah32, h3 and Ah31, Ah32 and Ah31, d2 and Ad21, d3 and Ad32, d3 and
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Ad31, and Ad32 and Ad31 were all equal or greater than 0.93 (PO.OOOl), as could be
expected.
Table 4.2. Normality tests for the total height, collar diameter, and the changes of height 
and collar diameter measured at the 8th, 17th, and 30th month after sowing. All the 12 
measurements were the height at the 8* month (hi), at the 17th month (h2), and at 30* 
month (h3), change of height between the 8* and the 17* month (Ah21), between the 
17* and the 30* month (Ah32), and between the 8* and the 30* month (Ah31), and the 
collar diameter at 8* month (dl), at 17* month (d2), and at 30* month (d3), changes of 
diameter between the 8* and 17* month (Ad21), between the 17* and the 30* month 
(Ad32), and between the 8* and 30* month (Ad31).
Measurement N Kurtosis Skewness Pr<W
hi 258 0.3345 0.1317 0.8538
h2 245 0.2095 0.2300 0.8510
h3 255 0.9844 0.1171 0.8699
Ah2l 245 0.4509 0.3629 0.6013
Ah32 243 1.1844 0.1211 0.8480
Ah31 256 1.1490 0.1665 0.7191
dl 258 3.8100 -1.3273 0.0001
d2 163 1.1651 0.2122 0.2748
d3 255 1.0724 -0.2186 0.9090
Ad21 163 1.1597 0.4601 0.7292
Ad32 161 0.5535 0.0298 0.9656
Ad31 256 1.3328 -0.1302 0.9481
The correlation between height and diameter was much stronger in the later 
growing stage than that in the earlier growing stage. There were no strong correlations 
between hi and h2, h3, Ah2, Ah3, and Ah31, with the highest correlation coefficients 
being 0.31 (P<0.0001) for hl-h2 and the lowest being 0.03 (P=0.60) for hl-h3. On the 
contrary, h2 and h3 were highly correlated (r=0.73, PO.OOOl). Similar to the results for
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total height, there were no strong correlations between dl and d2, d3, Ad21, Ad32, and 
Ad31, with the highest correlation coefficient being 0.32 (P<0.0001) and the lowest 
being -0.03 (P=0.67). Also similar to the total height results, d2 and d3 were correlated 
with a correlation coefficient of 0.65 (PO.OOOl).
The correlations analyzed using changes in total height and collar diameter 
(Ah21, Ah32, Ah3l, Ad2l, Ad32, Ad31) was different from that analyzed using total 
height and collar diameter. H2 was found to be correlated with h3 (r=0.73, PO.OOOl), 
whereas, Ah21 was correlated with Ah32 and Ah31 (r=0.48, PO.OOOl and 0.73, 
PO.OOOl, respectively). D2 was correlated with d3 with a correlation coefficient of 
0.65 (PO.OOOl), whereas, Ad21 correlated with Ad32 and Ad31 with correlation 
coefficients of 0.38 (PO.OOOl) and 0.63 (PO.OOOl), respectively. The correlation 
coefficient was 0.42 (PO.OOOl) between hi and dl, 0.64 (PO.OOOl) between h2 and 
d2, and 0.83 (PO.OOOl) between h3 and d3. The correlation between height and 
diameter using changes showed the same trend.
OTL detection using single marker regression
A total of 18 markers were found to be associated with QTLs for 11 of the 12 
measurements using single marker regression (Table 4.4). Fourteen of the 18 markers 
were from the F, parent, and four of the 18 were from the slash pine parent. Fifteen of 
the 18 markers were located in eight linkage groups. Three of the 18 were unlinked. The 
R2 values explained by the QTL-associated markers ranged from 2.97% to 14.23%. The 
unlinked marker, 618s060, was found to explain 14.23% of the total phenotypic 
variance of d l . Five linkage groups, p£2, pf3, p£5, pflO, and pe4, were found to have
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more than one marker that were detected to associate with QTLs. The markers in the 
same iinkage group were found to link at distances ranging from 4.5 to 34.1cM.
Table 4.3. The correlation between the measurements combined the standardized data 
from the three sites. The number on top in each cell is the correlation coefficient, and 
the number below is the P value.
h2 h3 Ah21
hi 0.31 0.17 0.07
0.00 0.00 0.26
h2 0.73 0.97
0.00 0.00
h3 0.73
0.00
Ah21
Ah32
Ah31
dl
d2
d3
Ad21
Ad32
Ah32 Ah31 dl d2
0.03 0.08 0.42 0.08
0.60 0.22 0.00 0.30
0.46 0.70 0.19 0.64
0.00 0.00 0.00 0.00
0.94 0.99 0.16 0.56
0.00 0.00 0.01 0.00
0.48 0.73 0.09 0.65
0.00 0.00 0.16 0.00
0.95 0.11 0.40
0.00 0.08 0.00
0.12 0.55
0.06 0.00
0.32
0.00
d3 Ad21 Ad32 Ad31
0.14 -0.08 0.01 0.10
0.02 0.31 0.92 0.10
0.64 0.61 0.50 0.63
0.00 0.00 0.00 0.00
0.83 0.55 0.78 0.83
0.00 0.00 0.00 0.00
0.64 0.66 0.52 0.64
0.00 0.00 0.00 0.00
0.77 0.40 0.77 0.78
0.00 0.00 0.00 0.00
0.82 0.56 0.78 0.83
0.00 0.00 0.00 0.00
0.24 -0.03 0.09 0.14
0.00 0.67 0.25 0.02
0.65 0.93 0.39 0.62
0.00 0.00 0.00 0.00
0.62 0.95 0.99
0.00 0.00 0.00
0.38 0.63
0.00 0.00
0.95
0.00
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Table 4.4. RAPD markers that were associated with QTLs influencing the 12 
measurements using simple regression and a Type I error rate o f0.005.
Marker
Parent
tree
Linkage
group Trait F value Pr> F R2
F05s090 488 p£2 hi 12.30 0.0005 0.0467
F12s053 488 pf2 hi 10.86 0.0011 0.0413
257s160 488 pf2 hi 9.11 0.0028 0.0352
X04s080 488 pfs hi 10.85 0.0011 0.0415
E09s08l 488 pf7 hi 16.54 0.0001 0.0620
J12sl15 488 pflO h2 14.22 0.0002 0.0568
B04s045 488 pflO h2 11.39 0.0009 0.0472
Cl6s075 488 pf3 h3 9.91 0.0018 0.0384
384s080 488 * h3 8.45 0.0040 0.0328
J12sl15 488 pflO Ah21 10.08 0.0017 0.0410
B04s045 488 pflO Ah21 10.04 0.0017 0.0418
384sl11 488 pfl Ah32 8.28 0.0044 0.0340
C16s075 488 pf3 Ah32 8.71 0.0035 0.0359
C16s075 488 p£3 Ah31 8.98 0.0030 0.0352
B20s079 488 pfl 5 dl 8.78 0.0033 0.0386
159s045 18_27 pe4 dl 10.36 0.0015 0.0403
F05s044 18 27 pe4 dl 9.04 0.0029 0.0333
J12s052 18 27 pel 5 dl 8.32 0.0043 0.0297
618s060 18_27 * dl 12.18 0.0008 0.1423
Alls092 488 pf5 d2 10.40 0.0015 0.0618
B13s080 488 pf5 d2 11.68 0.0008 0.0697
503s037 18_27 * d2 9.12 0.0030 0.0552
C16s075 488 pf3 d3 9.89 0.0019 0.0386
Bl3s080 488 pf5 Ad2I 10.15 0.0017 0.0561
C16s075 488 pf3 Ad31 9.32 0.0025 0.0365
* unlinked markers
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OTL detection using MapMaker/OTL
A total of 19 QTLs was detected for 11 of the 12 measurements by 
MapMaker/QTL (Table 4.5). Seventeen of the 19 QTLs were from the F, parent, and 
only 2 were from the slash pine parent. The 19 QTLs were located in 12 intervals.
Seven intervals contained one QTL, two intervals (B04s045-J12sl 15 and F05i056- 
E08i082) contained two QTLs (h2 and Ah21, and d2 and Ad21, respectively), one 
interval (X04s080-B13i080) contained three QTLs (hi, d2, and Ad21), and 1 interval 
(347s077-C16s075) contained 5 QTLs (Ah21, Ah32, Ah31, d3, and Ad31). These 12 
intervals belonged to 10 different linkage groups. All intervals that were associated with 
QTL influencing the height measurements were from the F, parent. Except Qdlb and 
Qdlc, all the QTLs associated with diameter measurements were also from the F, 
parent. The variance explained by the QTLs ranged from 3.6% to 11.0% (Table 4.5). 
The QTL information is summarized in Table 4.6.
The location of the QTLs for the measurements can partly explain the 
correlation between the measurements. The two QTLs, QAh21a for Ah21 and QAh32b 
for Ah32, were located in the same interval 347s077-C16s075, and the correlation 
coefficient between Ah21 and Ah32 was 0.73. The two QTLs, Qh2a for h2 and QAh21b 
for Ah21, were located in the same interval B04s045-J12sl 15, and the correlation 
coefficient between h2 and Ah21 was 0.97. The two QTLs, QAh32b for Ah32 and 
QAh3 la  for Ah31, were located in the same interval 347s077-C16s075, and the 
correlation coefficient between Ah32 and Ah31 was 0.95. The four QTLs, QAh21a and 
QAh21b for Ah21 and QAd21a and QAd21b for Ad21, were located in the same two
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intervals, F05i056-E08i082 and X04s080-B13i080, and the correlation coefficient 
between d2 and Ad21 was 0.93. The two QTLs, Qd3a for d3 and QAd3 la for Ad31, 
were located in the same interval 347s077-C16s075, and the correlation coefficient 
between d3 and Ad31 was 0.99. Although the two QTLs, QAh21a for Ah2l and QAd21 
for Ad21, were located in two different intervals, 347s077-C16s075 and F05i056- 
E08i082, they are in the same linkage group about 32cM apart, and the correlation 
coefficient between Ah21 and Ad21 was only 0.66.
Results using MapMaker/QTL were similar when compared to the results from 
simple regression. Twelve of the IS linked markers that were identified to be associated 
with QTLs using the single marker regression were found in the intervals that were 
identified to associate with QTLs using MapMaker/QTL. The other three of the 15, 
257il60, A1 li092, and F05s044, were found to link with F12s053, B13i080, and 
159s045, which were in the intervals that were identified to be associated with QTLs 
using MapMaker/QTL, by 12.3,28.1, and 4.5cM, respectively. Both methods identified 
19 measurement-linkage group combinations. But the measurement-linkage group 
combinations identified by simple regression included three measurement-unlinked 
marker combinations. MapMaker/QTL and single marker regression identified different 
QTLs for h3. The marker interval, 297s098-B14sl55, and the marker, C16s075, 
identified to associate with h3 were not from the same linkage group. Except the marker 
E09s081 vs. the interval E09s081-264i080, the QTL effects estimated by 
MapMaker/QTL were always found to be greater than that estimated by single marker 
regression. On average, the variance explained by each interval in analysis using
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MapMaker/QTL was 2.064% higher than the highest R-square percentage partitioned by 
the corresponding marker in a linkage group in analysis using single marker regression, 
conferring a 46.7% increase relative to single marker regression.
Table 4.5. Intervals that contained QTLs influencing 11 of the 12 measurements by 
MapMaker/QTL using a LOD threshold of 2.0.
Parent Linkage Variance QTL
Interval tree group Trait LOD explained name effect
F05s090-F12s053 488 pf2 hi 2.80 5.4% Qhla positive
X04s080-B13i080 488 pf5 hi 2.35 4.8% Qhlb positive
E09s081-264i080 488 pf? hi 3.40 5.9% Qhlc negative
B04s045-J12sl 15 488 pflO h2 4.34 11.0% Qh2a negative
297s098-B14sl55 488 pflO h3 2.01 3.6% Qh3a negative
347s077-C16s075 488 pf3 Ah21 2.05 5.0% QAh21a negative
B04s045-J12sl 15 488 pflO Ah21 3.29 8.5% QAh21b negative
384sl11-110sl65 488 pfl Ah32 2.76 5.1% QAh32a positive
347s077-C16s075 488 pf3 Ah32 2.18 4.3% QAh32b negative
347s077-C16s075 488 pf3 Ah31 2.02 4.5% QAh31a negative
B20i079-G04il08 488 pfl 5 dl 2.29 4.0% Qdla negative
159s045-567sl70 18 27 pe4 dl 2.37 4.1% Qdlb positive
J12i052-V09s077 18_27 pel5 dl 2.01 5.7% Qdlc negative
F05i056-E08i082 488 pf3 d2 2.20 6.3% Qd2a negative
X04s080-B13i080 488 pf5 d2 2.71 10.0% Qd2b negative
347s077-C16s075 488 pf3 d3 2.54 6.1% Qd3a negative
F05i056-E08i082 488 pf3 Ad21 2.40 6.9% QAd21a negative
X04s080-B 13i080 488 pf5 Ad21 2.74 11.0% QAd21b negative
347s077-C16s075 488 pf3 Ad31 2.54 6.1% QAd31a negative
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Table 4.6. The QTL summary.
Number of QTL from Accumulative
Measurement 488 18_27 variation explained
hi 3 0 16.1%
h2 1 0 11.1%
h3 1 0 3.6%
Ah21 2 0 13.5%
Ah32 2 0 9.4%
Ah31 1 0 5.3%
dl 1 2 13.8%
<12 2 0 16.3%
d3 1 0 6.1%
Ad21 2 0 17.9%
Ad3l 1 0 6.1%
QTL bv environment interactions
Both single marker regression and MapMaker/QTL were used to analyze the 
QTL by environment interactions. Two markers, 590s063 and 618s065, both from the 
F, parent, were found to associate with interactions between three QTLs influencing d2 
and Ad21 and their environments using single marker regression (Table 4.7). Both 
markers were located in the linkage group p£5. There are no statistical inferences 
available to test the QTL by environment interactions in MapMaker/QTL, but we can 
compare the LOD scores among the three sites for each interval. Intervals that showed 
differences in LOD score greater than 2.0 between any two sites are listed in Table 4.8. 
Two intervals, 347s077-C16s075 and X04s080-Bl3i0800, both from the F, parent, 
showed to have interaction effects. Interval 347s077-C16s075 was from linkage group 
pf3 and interval X04s080-B13i0800 was from linkage group pf5.
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Table 4.7. Markers that were associated with QTL by environment interactions using 
simple regression and a Type I error rate o f0.005.
Marker
Parent Linkage 
tree group Trait F value Pr>F R2
590s063*site 488 pf5 d2 10.67 0.0013 0.0640
618s065*site 488 pf5 d2 8.15 0.0049 0.0497
590s063*site 488 pf5 Ad21 9.63 0.0023 0.0581
Table 4.8. Intervals that were associated with QTL by environment interactions. Site 1 
represents Bainbridge, Georgia; site 2 represents Sheridan, Louisiana; and site 3 
represents Saucier, Mississippi.
Linkage LOD Combined
Interval group Trait site 1 site 2 site 3 LOD
X04s080-B 13i0800 pf5 d2 0.49 2.57 3.18
347s077-C16s075 pf3 Ad21 
X04s080-B 13i0800 pf5 Ad21
2.70
0.47
0.24
2.77
1.74
3.18
Discussion
Detecting QTLs using single marker simple regression and interval based 
MapMaker/QTL may be complementary. Detection using single marker may identify 
association between QTLs and unlinked markers. This is especially useful when there 
are not sufficient markers to cover the entire genome. However, the bias of estimation 
using the single-marker method is greater than that by using the interval method. 
Misclassification occurs whenever there is a crossover between the QTL and the marker
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(Weng etal. 1999), whereas, in analysis using MapMaker/QTL, a misclassification 
occurs only when there are crossovers between the QTL and both flanking markers. In 
this research, with one exception, the QTL effects estimated by MapMaker/QTL were 
all greater than that estimated by single marker regression.
The three QTLs for hi explained 16.1% of the phenotypic variance, and the 
three QTLs for dl explained 13.8% of the total phenotypic variance. In comparison to 
the results from some other species, the phenotypic variance they explained was 
relatively small. In soybean, a QTL for plant height was found to explain 67.7% of the 
total phenotypic variance. In the outbreeding species Eucalyptus nitens, three QTLs, 
each with effect between 10 and 15%, have been detected for the total height of 
seedlings at 55 days after planting out (Byrne et al. 1997). Three factors may have been 
the cause of these observations. First, the heritability of EHG was calculated to range 
from 0.47 to 0.68 (Layton and Goddard 1982, Snyder and Namkoong 1978), which 
means only about 50% of the total phenotypic variance is attributed to all the genotypic 
effects. The percentage of 16.1% for the three QTL effects means 32.2% of the total 
genotypic variance was explained, which is not very low. Second, no previous 
information was available on the relative early height and diameter growth of the two 
parents; therefore, it was not known whether QTLs controlling the early height and 
diameter would be located in this family and the heritability could be smaller. Third, 
some major effect QTLs may not have been detected due to reasons that were discussed 
above concerning the number of the QTLs.
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Analysis using Ah21, Ah32, Ad2l, and Ad32 detected more QTLs than that using 
h2, h3, d2, and d3. This could be because growth at different stages was controlled by 
different QTLs. The genes that were activated and functioned at a specific stage 
contributed to the growth of each stage. If the data are analyzed using total height and 
total diameter, the effect of genes that functioned at the previous stage would be pooled 
into the error term, or confounded with the error, which would lower the power of 
detection. On the other hand, analysis using the change in height and diameter instead of 
total height and total diameter separated the gene effect and error at the previous stage 
from the residuals and could be more powerful. The QTL mapping approach proposed 
by Zeng et al. (1994) provided partial solutions to the confounding.
The number of QTLs detected was less than that we had expected. Previous 
studies suggested that there may be as many as five major effect QTLs controlling EHG 
(Brown 1964; Nelson unpublished data). But I only detected three QTLs for total height 
at the 8th month covering only 16.1% of the total phenotypic variance, one for total 
height at the 17th month covering only 11.1% total phenotypic variance, and one for the 
total height at the 30th month covering only 3.6% total phenotypic variance. The results 
for changes of total height were more or less the same. Three factors may have 
contributed to these results. First, there may be more QTLs than previously estimated, 
and the percentage variance each locus could explain had been averaged out. It would 
be more difficult to detect a QTL with smaller effect. The second reason may be that 
some QTLs with major effect were not located within the linkage groups that had been 
mapped since only about 55.8% of the F, parent genome and only about 43.2% of the
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slash pine genome were mapped. The correlation coefficient between h2 and h3 was 
found to be 0.73, but none of the QTLs detected for h2 was linked with the QTLs 
detected for h3. The correlation between h2 and h3 could be solely because height 
growth of h2 was part of the height growth of h3. But it could also be because some 
major effect QTLs for h2 that were linked to the major QTLs for h3 were located in the 
genome that had not been mapped. The third may be that the QTLs from the slash pine 
were not detected because the gene action of these QTLs was dominance or partial 
dominance. The fourth reason may be that the intervals of time between the three stages 
for the measurements were too long. Some genes may function within a short period. 
Measurements made for the three stages may not be able to avoid the confounding of 
effects of genes with error term, which have been discussed above. For the 
measurements other than hi and dl, another reason may be that the seedlings of the 
whole family were transplanted to the three locations, and the genotype by location 
interaction effects may have confounded with the error term and lowered the power of 
QTL detection.
Mapping QTLs from the longleaf pine grandparent using backcross of the F, to 
slash pine may be more efficient. The EHG of longleaf pine may be regulated by 
positive effect genes mainly from slash pine, or negative effect genes mainly from 
longleaf pine, or both. The slash pine parent for backcross was likely to have many 
same genes as the slash pine grandparent. When the gene action for a gene of interest in 
the slash pine grandparent was dominant or partially dominant and the slash parent had 
the same gene, the dominance might mask the effect of the allele contributed by the 
slash pine parent, which would result in a failure of detection. Whereas, the genes from
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the longleaf pine grandparent were less likely shared by the slash pine parent. When the 
F, parent transmitted an allele of gene controlling the EHG from the longleaf pine 
grandparent to the backcross progeny, there would be a smaller probability that the 
effect of the allele was covered by another allele from the slash pine parent due to 
dominance nature of this gene. More genes from the longleaf pine grandparent could be 
mapped using the backcross of the F, parent to slash pine parent. This also may be the 
reason that more QTLs were detected from F, parent.
The sample size, a total of 258 trees, for this research was probably small to 
adequately address genotype by environment interactions. Three sites were used for this 
study, each with 93, 83, and 82 trees. Sample size needed for QTL search is inversely 
proportional to the phenotypic trait difference between the two parents, in direct 
proportion to number of QTLs needed to be detected, and in direct proportion to the 
LOD threshold for the detection (Lander and Botstein, 1989). Lander and Botstein 
(1989) recommended 325 progeny for single marker simple regression and 275 for 
interval mapping. If genotype by environment interaction analysis is necessary, the 
sample size for each location should be about 275 trees. The small sample size for this 
research may be the reason for the low power of detecting genotype by environment 
interaction.
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CHAPTER 5
SCAR MARKERS IN A LONGLEAF PINE X SLASH PINE F, FAMILY* 
Introduction
Polymerase chain reaction (PCR)-based genetic markers have become widely 
used markers for genome mapping, map-based cloning, and analysis of genetic 
variation. Since the first reports of random amplified polymorphic DNA (RAPD) 
markers by Williams et al. (1990) and Welsch and McClelland (1990), their application 
has spread rapidly. Like restriction fragment length polymorphisms (RFLPs), RAPDs 
result from the transfer of nucleotide sequence polymorphisms into DNA fragment band 
polymorphisms. RAPDs use decamer nucleotides as primers to amplify a locus of 
template DNA, and nucleotide mismatches at the priming sites such as those caused by 
insertion, deletion of one or more base pairs, or translocation in the amplified region, 
may lead to a band polymorphism. RAPD markers are useful because the procedure is 
simple, fast, and uses trace amounts of template DNA. However, RAPD markers are 
usually dominant markers, and are sensitive to minor changes in reaction conditions 
during PCR amplification.
To improve the reliability of RAPDs and to convert them to codominant 
markers, Paran and Michelmore (1993) developed sequence-characterized amplified 
regions (SCARs). SCARs are derived from RAPD markers by developing longer 
primers. After a RAPD fragment is cloned and end sequenced, a pair of primers, 
approximately 24 bases in length, are synthesized. These SCAR primers are used to
* Reprinted by permission of Forest Genetics.
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amplify the specific regions of genomic DNA. SCAR markers are advantageous over 
RAPD markers because they usually detect only a single locus, their PCR amplification 
is less sensitive to reaction conditions, and they are more likely to be codominant 
markers. While SCAR primers usually amplify the RAPD locus in the source parent of 
a cross, they often amplify the locus from the other parent too. When these two 
fragments are monomorphic in length, they may be converted to polymorphic using 
various methods such as restriction digestion, or high resolution separation methods for 
PCR products (Paran and Michelmore, 1993). SCARs have been used for mapping 
genes of interest, map-based-cloning, or marker-assisted selection (MAS) on fungi 
(Schilling, 1996) and several plants including lettuce (Paran and Michelmore, 1993; 
Witsenboer et al., 1995), common bean (Adam-Blondon et al., 1994; Gu et al., 1995), 
oak (Bodennes et al., 1997), and citrus (Deng et al., 1997).
The delay of early height growth (EHG), known as the "grass stage", and the 
susceptibility to brown-spot disease have been two important factors that limit artificial 
regeneration of longleaf pine (Pinus palustris Mill.) (Schmidtling and White 1989). The 
EHG of longleaf pine has drawn the attention of scientists since the 1950's. A previous 
strategy to improve the EHG of longleaf pine was to stimulate the plants with hormones 
(Allen 1958). However, regulation of the grass stage by introgression of genes for EHG 
from either loblolly pine or slash pine in a recurrent backcross breeding program may be 
a more direct and thorough solution to the problem. As part of backcross breeding 
programs, Brown (1964) and Derr (1966,1969) made crosses between longleaf pine and 
loblolly pine or slash pine. Nelson (personal communication) made crosses between 
longleaf pine and slash pine in 1990 and backcrosses to longleaf pine and slash pine in
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1995. However, since EHG appears to be controlled by a small number o f quantitative 
trait loci (QTLs) (Brown 1964; Nelson unpublished data), a more efficient approach 
may be to map these loci with molecular markers, and then use the markers that are 
tightly linked in marker-assisted selection. As part of this approach, low to medium 
density RAPD marker linkage maps have been constructed for longleaf pine and slash 
pine (Kubisiak et al. 1995; Nelson etal. 1993, 1994).
RAPD markers may be used for MAS, however, SCAR markers may be more 
reliable for large-scale marker-assisted selection. Gu et al. (1995) have successfully 
used allele-specific associated primers (ASAPs or SCARs) to conduct large scale 
selection for the presence of photoperiod genes in common bean at a very low cost. The 
scoring of SCARs is more reliable and thus will enhance the reliability in indirect 
selection. The main goal of this research was to convert the RAPD markers putatively 
linked to QTLs controlling the EHG of longleaf pine x slash pine hybrids. In this paper 
we describe the development of 13 SCAR markers from RAPD markers and confirm 
Mendelian inheritance of four polymorphic SCARs in a longleaf pine x slash pine F, 
family. We also report the characteristics of SCARs and the conversion of 
monomorphic SCARs to polymorphic SCARs.
Materials and Methods 
Plant and DNA materials
DNA of 64 F, individuals from hybrids of 3-356 (longleaf pine)( 9) x H28 (slash 
pine) (<S) were used. The parents were selected for disease resistance by scientists of the 
USDA Forest Service, Southern Research Station, Southern Institute of Forest Genetics
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in Saucier, Mississippi. The cross was made in 1990. Seeds were harvested in 1991 and 
sown in 1992. Total DNA was extracted from the leaves of the F, seedlings in 1993 as 
described by Wagner et al. (1987) except that spermine and spermidine were omitted 
from both the extraction and wash buffers.
RAPD analysis
Eight 10-mer primers that identified polymorphic loci in the longleaf pine x 
slash pine F, family (Kubisiak et al. 1995) were purchased from either Operon 
Technologies (Alameda, CA) or J.E. Carlson (Univ. of British Columbia, Vancouver, 
B.C., Canada). Five of the eight primers amplified polymorphisms that were found to 
explain 5% or more (5.0-19.4%) of the total variation of the EHG in the F, population. 
These eight RAPD primers were used for RAPD analysis using the two parents and six 
F, individuals. Five of the RAPD primers amplified five bands of interest from longleaf 
pine and three of them amplified four bands of interest from slash pine. The numbering 
of the RAPD makers followed Kubisiak et al. (1995). The RAPD analysis followed the 
procedure of Nelson et al. (1993).
Re-amplification of RAPD bands
Following PCR amplification, the products were separated on agarose gels 
stained with ethidium bromide and visualized under UV light. The band of interst was 
excised from the gel and placed into a microcentrifuge tube. Sterilized water (15 pi) was 
added to the tube. A small nick was made in the excised gel piece with a pipette tip and 
5 pi water was pipetted in and out of the nick several times. The DNA was diluted one 
hundred fold and 2 pi was used as a template to re-amplify the RAPD band. The re-
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amplification was in SO pi total volume with lx Taq DNA polymerase buffer, 1.5 mM 
MgCl2, 0.1 mM of each dNTP, 0.2 pM decamer primer, and 1 unit of Taq DNA 
polymerase (Promega). The temperature profile was: 94°C for 3 min.; 35 cycles of 92°C 
for 1 min., 35°C for 2 min., and 72°C for 2 min., followed by 72°C for 10 min. The size 
o f PCR products was verified by agarose gel eletrophoresis (1.5% gel, TAE).
Cloning and sequencing of RAPDs and SCARs
T-tailed vectors were constructed by a modified procedure described by 
Marchuk et al. (1990). pUC18 plasmid was used instead of pBluescript and instead of 
incubating the tailing mixture at 70 °C for 2 hours, a PCR-like temperature profile was 
used (93°C for 3 min, 20 cycles of 93°C for 1 min and 72°C for 6 min, and 72°C for 10 
min).
T-pUCl8 and the re-amplified RAPDs were ligated in 2 pi 1 Ox ligation buffer, 
lp l lOmM ATP, 2 pi T4 DNA ligase (4 U/pl) (STRATAGENE), 2 pi T-pUC18 (80 ng), 
and 2 pi RAPD fragment, totaling to 20pl volume. The ligation was incubated overnight 
at 15°C and ligation products were used to transform competent E. coli DH5a 
(STRATAGENE). Probe was made from cloned fragments with the Genius™ 2 DNA 
Labeling Kit (Boehringer-Mannheim) and hybridized to Southern blots of 
corresponding RAPDs derived from the two parents and six F, individuals. The 
hybridization was detected with the Genius™ DIG Nucleic Acid Detection Kit 
(Boehringer-Mannheim). Each clone was end sequenced to approximately 300 bp with 
an ABI373 DNA Sequencer System (Applied Biosystem, Foster City, CA) using 
PRISM™ Ready Reaction DyeDeoxy™ Terminator Cycle Sequencing Kit.
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The cloning and sequencing for SCARs use the same strategy as for RAPDs. 
The PCR products of SCAR were used directly for ligation without re-amplification. 
SCAR primer design and SCAR analysis
For each cloned RAPD, two oligonucleotides were developed to be used as 
SCAR primer pairs. The SCAR primers were designed using three methods. The first 
method used the computer program OLIGO Primer Analysis Software, version 5.0 for 
Windows by NBI (National Biosciences, Inc.; Plymouth, MN) to identify internal 
sequences suitable for PCR analysis. These internal sequences were used as the 
sequences for SCAR primer pairs. The second method was to extend the RAPD primer 
from its 3' end along the sequences of the cloned RAPD fragment. Each primer 
consisted of the original 10 bases of the RAPD primer and the next seven to 14 internal 
bases from the end. The third method is same as the first method, but it is based on the 
sequences of both the cloned RAPD fragment and the cloned SCAR amplified from the 
other parent using the SCAR primer pair derived from the same RAPD fragment. The 
SCAR primers were synthesized by either Operon Technologies Inc. (Alameda, CA) or 
LSU GeneLab (School of Veterinary Medicine, Louisiana State University, Baton 
Rouge, LA).
SCAR amplification conditions followed the same procedures as RAPD analysis 
except that the annealing temperatures varied according to length and GC content of 
each primer pair. Each primer of a primer pair was included at a concentration of 0.2 
pM. Each primer pair was tested for between parent polymorphism using total DNA 
from the two parents of the mapping population, longleaf pine 3-356 and slash pine
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H28, as templates. If the band of the expected size was amplified from the expected 
parent but not from the other parent, the locus was considered to be polymorphic 
between the two parents. And those identified to have a between parent polymorphism 
were further tested for within tree polymorphisms using total DNA from six F, 
individuals as templates. If the band of interest was amplified from one or more of the 
six F, individuals but not from all the six F, individuals, the locus was considered to be 
polymorphic within the parent. In order to lower the probability of mis-classification, 
any of the primer pairs that appeared monomorphic in the six F, individuals was tested 
further using 10 F, progenies.
Sequencing eel
SCAR primer pairs were labeled with 33P as described in the Instruction Manual 
for AFLP™ Analysis System I, AFLP Starter Primer Kit (GibcoBRL, LIFE 
TECHNOLOGIES) and PCR products were resolved in a 3% acrylamide sequencing 
gel.
Results
Cloning and sequencing of the RAPDs and SCAR
Figure S.l illustrates the nine RAPD fragments that were cloned. These nine 
RAPDs were amplified using eight RAPD primers, C159, C258, C550, A12, E08,
C242, B02, and G09. Primer G09 amplified two of the nine polymorphic RAPD 
fragments, and each of the other seven RAPD primers amplified one of the nine. The 
RAPD markers C159-1000, C258-500, A12-600, B02-900, and G09-1150 were 
reported to explaine 5.0%, 15.8%, 19.4%, 5.0%, and 12.7% of the total variation of 
EHG in the longleaf pine x slash pine F, population (Kubisiak, 1994). Southern analysis
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Figure 5.1. Identification of RAPD markers that were used for the production of 
SCAR markers. The original RAPD primers used are indicated. For each pair of 
lanes, the first contains products amplified from tree 3-356 (longleaf pine) and the 
second contains those from H28 (slash pine). Arrows indicate the fragments that 
were cloned.
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Figure 5.2. Identification of clone G09-750 using a non-radioactive labeling kit 
(Genius™ Boehringer Mannheim). A. RAPDs were amplified from DNA of the 
two parents (3-356 and H28) and six F, progeny with primer G09. B. Cloned 
RAPD fragment G09-750 was hybridized to the Southern blot of the agarose gel 
shown in "A". The positions of bands in “B” are in mirror relation to those in “A”
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indicated that the cloned fragments did correspond to the RAPD markers. The 
sequences of the two ends of the cloned RAPD fragments did not show any inverted 
repeats longer than the 10 bases comprising the primer binding sites for each RAPD. 
The RAPD primer G09 amplified two products, G09-750 (750 bp) and G09-1150 (1150 
bp). Clones of these two products did not cross hybridize with each other and their 
sequences, except for the priming sites, were not similar. Figure 5.2 shows the 
Identification of clone G09-750 using a non-radioactive labeling kit (Genius™ 
Boehringer Mannheim).
Table 5.1. Summary of 13 SCARs for longleaf pine (3-356) and slash pine (H28).
SCAR
loci
Cloned RAPD 
fragments
SCAR 
primer name
SCAR primer sequences 'Annealing
temperature
(°Q
Expected
product
size(bp)
Design
FGE00I C242-I600 FGEOOIF
FPEOOIR
TGTAG ACCCA AGAGA TTGAC 
TTGTA AATGT GTAGG CAACT C
60-62 1300 internal
FGP002 C550-670 FGP002F
FGP002R
TGAGG ATCTC GTTGG CATAC TTG 
GGAAT TGTGT TTGGG ATGTT GTC
60-65 520 internal
FGE003 G09-750 FGE003F
FGE003R
GCCAT ATCAT CAAAG CAGTG A 
AACAA CAAGA TCAGG CATAA GC
58-62 420 internal
FGP004 C550-670 FGP004F
FGP004R
GTCGC CTGAG CAGTA CATTG 
GTCGC CTGAG GATCT CGTTG
67-68 670 extended
FGP005 E08-I200 FGP005F
FGP005R
TCACC ACGGT CACAC AAGCG 
TCACC ACGGT ACTAT CCAGG
60-65 1200 extended
FGE006 G09-750 FGE006F
FGE006R
CTGAC GTCAC TTCTT CC 
CTGAC GTCAC ACATC TG
60-62 750 extended
FGE007 G09-1150 FGE007F
FGE007R
CTGAC GTCAC TATCA TATAA GG 
CTGAC TGCAC CACCT ATGTA C
59-61 1 ISO extended
FGP008 A 12-600 FGP008F
FGP008R
TCGGC GATAG CGGAC ATC 
TCGGC GATAG GTAGT AGC
54-60 600 extended
FGE009 C242-1600 FGE009F
FGE009R
CACTC TTTGC GACTC AATTT AAGG 
CACTC TTTGC ACAAT ATAAT GCCA
58-62 1600 extended
FGPOIO C258-500 FGP010F
FGP0I0R
GTCAC CGTTG GTAGA GGCCA C 
GTCAC CGTTC TCAAT TTGGC TC
60-65 500 extended
FGEOII B02-900 FGEOIIF
FGEOIIR
TGATC CCTGG GGACA TATCG 
TGATC CCTGG CCAAG TAGTC
60-69 900 extended
FGP012 C159-IOOO FGP0I2F
FGP0I2R
GAGCC CGTAG ACCCA ATATA GG 
GAGCC CGTAG AGAGC AGGAA C
60-68 1000 extended
FGP0I3 A 12-600 FGP013F
FGP013R
TTAAA GGAGT TCAGC TAGC 
CTATT TGTTG CATGC TTCG
56-58 550 internal
* The range of temperature in which the same banding patterns with the bands o f expected sizes were amplified.
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SCAR primers
Initially, the three primer pairs (for FGE001, FGP002, and FGE003), which 
were internal to the original RAPD priming sites, were derived from the three cloned 
RAPD fragments C242-1600, C550-670, and G09-750, respectively. These three 
internal primer pairs amplified monomorphic SCARs FGE001, FGP002, and FGE003. 
Then, one primer pair was derived from each of the nine cloned RAPD fragments by 
extending the RAPD primers. An additional primer pair for FGP013, which was also 
internal to the original RAPD priming sites, was derived from sequence data of the 
cloned RAPD fragment A12-600, as well as sequence data of the cloned SCAR 
amplified from the other parent. Table S.l summaries the 13 SCAR primer pairs, the 
corresponding SCAR loci they amplified, and the cloned RAPD fragments from which 
they were derived.
Banding pattern of SCARs
All 13 SCAR primer pairs amplified bands of the expected sizes from the 
parents. Only four primer pairs (for FGP004, FGE006, FGE007, and FGP013) revealed 
polymorphisms between the two parents. The others primer pairs appeared to amplify 
bands of the same molecular weight in both parents based on agarose gel 
electrophoresis. At the upper limits of the annealing temperatures the primer pair for 
FGP004 amplified one band of expected size from 3-356 and another band of a different 
size from H28. The primer pair for FGE006 and FGE007 amplified a single band from 
H28. The primer pair for FGP013 amplified two bands from longleaf pine 3-356 and 
one band from slash pine H28. Comparing to four to fifteen bands amplified by the
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corresponding RAPD primers, the banding pattern amplified by the 13 SCAR primer 
pairs was simpler.
Effect of annealing temperature on SCAR banding pattern
SCARs were less sensitive to annealing temperature change than RAPDs. In our 
experiment, we amplified a very different banding pattern when the annealing 
temperature was changed by 1°C for RAPDs. In contrast, we amplified the same 
banding pattern for each of the 13 SCAR primer pairs within a range of annealing 
temperature for PCR, with the widest range to be 10°C for SCAR FGE011. High 
annealing temperature resulted in simpler banding patterns and low annealing 
temperature resulted in amplification of more bands. Table S.l shows the range of 
temperature that was tested to amplify the same banding pattern with bands of expected 
size and from expected parent. No bands were amplified at an annealing temperature 
beyond the upper limit of the range. The banding patterns for FGE006 and FGE007 
varied with the annealing temperature during PCR. With a high annealing temperature 
(59-61°C), a single band was amplified only from H28. With low annealing 
temperatures, bands of different sizes were amplified also from 3-356 (Figure 5.4). The 
SCAR markers will be codominant if these bands are alleles of the band amplified at 
high annealing temperature.
Polymorphism of SCARs
Each of the SCAR primer pairs was tested for polymorphisms between parents 
using DNA samples of the two parents at different annealing temperature. FGP004, 
FGE006, FGE007, and FGP013 were polymorphic between the two parents. These four 
SCARs were then tested for within-tree polymorphism using DNA samples from six F,
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Figure S.3. Amplification of SCAR markers in the two parents H28 (slash pine, 
on the left) and 3-356 (longleaf pine, on the right). The primer pair for FGE006 
directly detected a polymorphic dominant marker. The polymorphism for 
FGP005 was obtained by digesting the PCR product with the restriction enzyme 
Smal. FGP008 detected no polymorphism. The primer pair for FGP013, which 
were designed based on the sequences of the fragment amplified from the other 
parent H28 (slash pine) using FGP008 primers, detected a polymorphic band.
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Figure 5.4. The banding pattern of SCAR FGE007 at different annealing temperatures. 
A. At 60°C annealing temperature, FGE007 primers detected a dominant marker. B. At 
S6°C annealing temperature, FGE007 primers amplified two additional fragments of 
different sizes from the other parent, which appear to segregate.
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individuals. FGP004, FGE006, and FGE007 segregated among the six F, individuals. 
However, FGP013 was amplified from all the six F, individuals. FGP013 was 
confirmed to be monomorphic in the further test using 10 more F, individuals. Two of 
the monomorphic SCARs, FGP005 and FGP012, were converted to polymorphic 
(described in the following paragraph). Table S.2 presents some information for the 
polymorphic SCARs.
Table 5.2. Polymorphic SCARs for longleaf pine (3-356) and slash pine (H28)
SCAR Detecting Polymorphism Codominance Segregation number of
loci methods potential ratio bands
between within present:absent conflicted
parents parent with RAPD
FGP004 agarose gel yes yes yes 31:33 0
FGP005 Smal digestion 
+ agarose gel
yes yes yes 35:29 1
or sequencing gel
FGE006 agarose gel yes yes yes 35:29 3
FGE007 agarose gel yes yes yes 34:30 5
FGP012 sequencing gel yes yes - - -
FGP013 agarose gel yes no no - -
Conversion of monomorphic SCARs to polymorphic SCARs
Restriction sites in the sequences of the six cloned fragments that were used to 
develop SCARs (FGP005, FGP008, FGE009, FGP010, FGE011, and FGP012) were 
identified using the primer analysis software OLIGO. Based on the restriction sites, 
three restriction enzymes, Smal, £coRI, and Taq I, were chosen to digest the SCAR 
fragments separately. A polymorphism between the two parents was identified for 
FGP005 by digesting the PCR products with Smal (Figure 5.3). FGP005 and FGP012
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were converted to polymorphic SCARs by resolving the PCR products on a sequencing 
gel. The autoradiograph showed that, out of the primer pairs for six SCARs loci 
(FGP005, FGP008, FGE009, FGP010, FGE011, and FGP012), the two for FGP005 and 
FGP012 amplified bands with a difference of less than 10 bp in length from the two 
parents. And the other pairs of primers amplified bands of identical length from both 
parents (data not shown). FGP008 was developed based on the sequence of cloned 
RAPD fragment A 12-600 that was amplified from 3-3S6. We cloned and sequenced the 
other monomorphic band amplified from H28. The differences between the sequences at 
the two ends were used to design a new primer pair for FGP013 which amplified a 
polymorhpic band of about SSO bp from 3-3S6 and another band of about 1000 bp from 
both parents (Figure S.3).
Segregation of SCARs among F, progeny
FGP004, FGP005, FGE006, FGE007, and FGP013, which showed 
polymorphisms in their PCR products or restriction digests of PCR products on agarose 
gel, were tested for Mendelian segregation of band presence using total DNA from 64 
F, progeny of 3-356 x H28. Table S.2 shows the segregation ratio for each of these 
SCARs. Chi square tests suggested that the segregation ratio for each SCAR was 1:1 
(P>0.10). FGP004 co-segregated exactly with the corresponding RAPD marker. 
FGP005, FGE006, and FGE007 conflicted with corresponding RAPDs in 1,3, and 5 
individuals, respectively. Seven of these nine apparent "errors” belonged to positive in 
the SCAR profiles and negative in the RAPD profiles and the other two belonged to 
negative in the SCAR profiles and positive in the RAPD profiles. The FGP013 did not
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Figure 5.5. Segregation of SCAR FGE006 among 32 F , individuals of a 
longleaf pine x slash pine cross.
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segregate among the F, progeny. The 550-bp band was present in ail F, progeny, 
indicating that FGP013 was homozygous in 3-356. FGP013 could not be used for 
mapping of parents, but may still be useful for mapping in backcrosses to H28. Figure 
5.5 shows the segregation of FGP006 among 32 F, individuals.
Discussion
We developed six polymorphic SCAR markers from nine RAPD markers in a 
longleaf pine x slash pine F, family. Differences in nucleotide sequence of template 
DNA at the priming sites have been suggested to be one of the causes of RAPD 
polymorphisms in the research conducted by Paran and Michelmore (1993). Our 
research supports this contention. Out of nine extended primer pairs, six amplified 
bands of the same sizes from both parents. It is unlikely that these results were 
coincidences that there existed another locus in the alternate parent that gave rise to 
amplification of a product of the same size. It was most likely that amplification failed 
in RAPD analysis due to one or more nucleotide mismatches at the priming site in the 
alternate parent. And the amplification succeeded in SCAR analysis because the 
mismatches were tolerated by longer primers, or the mismatch position was shifted 
away from the 3' end of the primers.
Length of SCAR primers
Our research suggests that the length of the SCAR primers does not correlate 
with the number of detectable loci amplified when the primers were longer than 17 
nucleotides. Both short primers and long primers could amplify one or more loci. 
FGP008F and FGP008R, which are 18 nucleotides long, amplified a single band at an 
annealing temperature of 54°C; while FGE007F and FGP007R, which are 21 and 22
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nucleotides long, amplified multiple bands at a 56°C annealing temperature and only a 
single band at 62°C. The genome size necessary to have one locus that matches an m 
base SCAR primer pair with n mismatches at both the forward and reverse priming sites 
can be estimated using the equation: 42/w / [(maximum PCR product size - minimum
PCR product size) x (|2j x 4” ) ] ,  assuming that the arrangement of bases in the
genome is random and bases occur with equal frequencies. Thus, if we assume the 
maximum and the minimum PCR product sizes to be 2200 and 200 bp, respectively, the 
genome size necessary to have one locus that matches an 18 base SCAR primer pair 
with zero, one, or two mismatches at both forward and reverse priming sites can be 
estimated to be about 2xl018,4 x l0 14, 3x10" bp, respectively. Since the genome size of 
longleaf pine is 33 to 57 pg (2C, equivalent to about 3x1010 bp for haploid) (Ohri and 
Khoshoo, 1986), the reason that SCAR primers amplify multiple loci is more likely that 
the primers are located in repetitive sequences, which is often the case for RAPDs, than 
due to the length of the primers.
Codominance
Paran and Michelmore (1993) obtained four dominant SCAR markers out of the 
nine developed. In our research, of the 13, primer pairs for FGE006 and FGE007 
amplified bands of different sizes from the two parents. However, whether or not these 
two SCARs are codominant cannot be determined at present time. Eevidence for 
codominance inheritance needs to be confirmed using the gametes of the F, population.
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Primer design methods and homology between loneleaf pine and slash nine
Nine of the 13 SCARs were monomorphic before some of them were converted 
to polymorphic. These results were not unexpected since longleaf pine and slash pine 
are closely related species and their genomes should be highly homologous. The high 
homology between the genomes of the two parents suggest that the “extended” method 
may be a better choice for SCAR primer design than “internal” method. All three 
“internal” SCAR primer pairs amplified only monomorphic SCARs. And all the three 
originally polymorphic SCARs were amplified by “extended” primer pairs. The 
“internal” primer pairs for FGP002 and FGE003 were derived from the same cloned 
RAPD fragments as the “extended” primer pair for FGP004 and FGE006. However, 
FGP002 and FGE003 were monomorphic and FGP004 and FGE006 were polymorphic. 
“Extended” SCAR primers, which included the RAPD primer sites, may preserve the 
cause of RAPD polymorphism. This may affect the rate of polymorphic SCARs for the 
two methods for primer design.
Conversion of monomorphic SCARs to polymorphic
Monomorphic SCARs that are not useful for mapping can be converted to 
polymorphic markers through several methods. In addition to restriction digestion, 
Paran and Michelmore (1993) suggested four other methods to search for 
polymorphisms: (1) increasing the annealing temperature; (2) use of more genetically 
divergent lines as mapping parents; (3) use of higher resolution separation methods for 
resolving the PCR products; (4) sequencing the alternate band and using the sequence 
differences between the two fragments to develop a new primer pair. Williamson et al. 
(1994) converted a monomorphic SCAR to a polymorphic SCAR by digesting the
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monomorphic fragment with different restriction enzymes. Our research employed three 
of the methods and demonstrated they were effective. Depending on the size of the 
analyzed fragment, a sequencing gel can detect a difference as small as one base pair. 
FGPOOS and FGP012 were monomorphic SCARs on agarose gels, but the bands 
amplified from the two different parents had differences of a few base pairs when they 
were separated on a sequencing gel. The resolution of separation for resolving PCR 
products can be further enhanced using the single-strand conformation polymorphisms 
(SSCP) strategy (Orita et al., 1989). SSCP uses a denaturing gradient gel 
electrophoresis (DGGE) technique and can detect a single base pair difference, which 
results in conformation differences when denaturing, between two sequences of same 
length. SSCP may be a choice strategy in converting the remaining monomorphic 
SCARs (FGP008, FGE009, FGP010, and FGE011) into polymorphic SCARs in the 
future studies.
Segregation of SCARs among F. progeny
A total of nine disagreements in band presence/absence profiles between SCAR 
and RAPD analysis were found. The seven positives in the SCAR profiles and negatives 
in the RAPD profiles were most likely that the RAPDs were false-negatives. The two 
negatives in the SCAR profiles and positives in the RAPD profiles may be caused by 
contamination in RAPD analysis.
Marker-assisted selection using SCARs
The characteristics of SCAR markers make them favorable for MAS. In addition 
to fast identification shared by some other PCR-based markers, SCARs can be use to 
genotype individuals accurately and can be codominant. Hittalmani et al. (1995)
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examined the accuracy of identifying rice individuals carrying a rice blast resistance 
gene by genotyping F2 individuals that were selected for the linked specific amplicon 
polymorphism (SAP or SCAR) marker by progeny testing of their F3 families for the 
blast disease responsiveness. The accuracy of identifying a resistant genotype was 97% 
when using a single linked marker and 100% when using two markers flanking the 
resistance gene. Our research shows that PCR amplification of the SCARs is 
reproducible and can be easily scored. If the SCARs developed are tightly linked with 
loci of interest, the genotyping of individuals for selection using these SCARs should be 
accurate and efficient.
SCARs amplify two types of banding patterns that are useful for mapping: (1) 
while maintaining the amplification of the fragment identical in size to the original 
RAPD fragment from one parent, they amplify another fragment of different size from 
the other parent; or (2) they maintain the original presence/absence polymorphism 
observed in RAPD analysis. In the first case, if the bands are allelic, the codominant 
SCAR can differentiate individuals that are homozygous at the original RAPD locus 
from those that are heterozygous. In the second case, if the SCAR amplifies a single 
band (which happens in most cases), it can be used for efficient genotyping (Gu et al. 
1995). In our research, although there was no data of genetic distance between the 
markers and the EHG QTLs, the RAPD markers corresponding to three polymorphic 
SCARs (FGE007, FGP012, and FGP013) did contribute significantly to the total EHG 
variation in QTL analysis using single marker method. These three SCARs could be 
considered to link to the EHG QTLs, hence they may be useful in MAS for improving 
the EHG of longleaf pine. Of these three SCARs, FGE007 was potentially codominant
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and could be also single-handed dominant. It may be used as a codominant marker (at 
low annealing temperatures) or as single-handed dominant marker (at high annealing 
temperature) for large-scale, cost-effective selections. However, the usefulness of 
FGE007 for MAS in the backcross to longleaf pine is subject to further tests among 
more longleaf pine individuals that have been selected for the backcrosses.
Conclusion
We have successfully derived six polymorphic SCAR markers, with three of 
them linked to QTLs controlling the EHG, from RAPD markers mapped in a longleaf 
pine x slash pine F, family. SCARs were showed to be less sensitive to the changes in 
annealing temperature for PCR and to amplify simpler banding patterns than RAPDs. 
SCARs were also shown to have the potential to be codominant markers. Some 
monomorphic SCARs may be converted to polymorphic by various methods. 
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CHAPTER 6
CONCLUSIONS AND FUTURE RECOMMENDATIONS
This dissertation research has brought about several considerations valuable for 
the future planning of QTL mapping. First, the coverage of the linkage maps is far from 
adequate for detecting most QTLs controlling the EHG in the BC, family. More 
markers are needed to add to regions that have not been mapped. Second, the sample 
size I used for QTL analysis is too small to conduct efficient QTL search and QTL by 
environment interactions. Third, new methods for detecting QTLs and QTL by 
environment interactions are needed. Although MapMaker/QTL has been a powerful 
computer package for searching QTLs, writing more sophisticated computer software 
for searching QTLs and detecting QTL by environment interactions is essential to meet 
the need of complicated QTL analysis.
Percentage of Mapped Genome
A total of 266 RAPD markers were identified for the two parents, but only 113 
were mapped for the F, parent and 83 for the slash pine parent. The estimated coverage 
of genome by the linked RAPD markers was only about 55.8% for the Ft parent tree and 
43.2% for the slash pine tree, a little less than half of the genomes on average. The pine 
genome has 12 pairs of chromosome (Saylor 1972, Kormutak 1975). However, in the 
research of this dissertation, a total of 17 linkage groups in the F, parent and 19 linkage 
groups in the slash pine parent were identified. This resulted from the lack of sufficient 
markers to combine the groups that are on the same chromosome. A total o f576 RAPD 
primers were screened to identify the 266 markers in this study. There are thousands of
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different RAPD primers available for identifying markers in future research. Many 
markers identified in the future may fall into the regions that have already been mapped, 
but the number of unlinked markers will be reduced as the map becomes saturated. 
Sample Size
Sample size for future QTL mapping is one important consideration for the 
future planning for the QTL mapping. Statistically, the sample size for a study depends 
on the magnitude of random error, the magnitude of difference that needs to be detected, 
the Type I error rate, and the power of detection needed (Kuehl 1994). The required 
sample size for each genotype n is estimated with equation 
n > 2 ( z <W2 + zfi)2(a/S)2 
where, a  is the Type I error rate,
P is 1- the power of test, 
a  is the random error, and 
8 is the difference to be detected.
If we are going to detect a QTL effect explaining 5% of the total genotypic variance at 
0.005 of Type I error rate and 80% of power of test, then the sample size will be about 
133, or 266 for two genotypes. If we are still going to investigate the genotype by 
environment interactions at three sites, then the overall sample size will be estimated to 
be about 800. In this research, a total of 258 BC, trees were used for QTL analysis at 3 
sites. This sample size is just sufficient for detecting a QTL main effect greater than 5% 
of the total phenotypic variance, but far from adequate for detecting QTL by 
environment interactions. Increasing sample size means more investment on the
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longleaf pine breeding programs using MAS strategy. Therefore, in the future planing of 
this QTL mapping project, a significant increase of research funding is essential.
QTL Mapping Approaches
Maximum likelihood estimation has been used as the standard approach that 
gives the smallest bias for QTL mapping. Many QTL mapping approaches using 
maximum likelihood estimation have been introduced (Weller 1986, Lander et al. 1987, 
Luo and Kearsey 1989, Lander and Botstein 1989). Despite its accuracy, custom-written 
software is required to calculate the maximum likelihood estimates. Moreover, iterative 
numerical methods are required to maximize the likelihood, which makes the procedure 
complicated. In addition, because of the complication, it is not feasible to apply 
maximum likelihood estimation to composite interval mapping. Haley and Knott (1992) 
found that the maximum likelihood estimation can be well approximated by the simple 
regression method. Studies that involved the comparison of maximum likelihood 
estimation and regression find very little differences between the two methods (Haley 
and Knott 1992, Xu 1995,1998). The simple regression method offers a great advantage 
over the maximum likelihood method in terms of computing speed.
While obtaining similar results as maximum likelihood estimation, the 
regression method can also be applied to simultaneously detect multiple QTLs. Zeng 
(1994) proposed a method of precision QTL mapping. His method has the following 
properties. First, assuming additivity of QTL effects between loci, the expected partial 
regression coefficient of the trait on a marker depends only on those QTLs which are 
located on the interval flanked by the two neighboring markers, and is unaffected by the 
effects of QTLs located on other intervals. Second, conditioning on unlinked markers in
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the multiple regression analysis will reduce the sampling variance of the test and thus 
will increase the power of QTL mapping. Third, conditioning on linked markers in the 
multiple regression analysis will reduce the chance of interference of possible multiple 
linked QTLs on hypothesis testing and parameter estimation.
However, due to the fact that the residual variance estimated by the regression 
method contains part of the QTL variance, as Xu (1995) pointed out, regression interval 
mapping inflated the residual variance. This inflation could be substantial when 
multiple markers were used simultaneously as covariates. Residual variance estimated 
by simple regression method contained part of the QTL variance caused by the mis­
match of marker genotype and the QTL genotype. Xu (1995) proposed a method which 
can correct the least square by separating the covariance. Writing more sophisticated 
computer program for composite interval mapping using this iteratively reweighted least 
square strategy is recommended for the future QTL analysis.
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